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,QWURGXFWLRQJpQpUDOH

'¶XQF{WpOHVSRO\R[RPpWDOODWHV320VVRXYHQWFRQVLGpUpVFRPPHGHVR[\GHVPROpFXODLUHV
VROXEOHV VRQW GHV HVSqFHV PROpFXODLUHV GLVFUqWHV VH VLWXDQW HQWUH O¶LRQ PpWDOODWH HW O¶R[\GH
LQILQL&HWWHIDPLOOHGHFRPSRVpVHVWGHSOXVHQSOXVpWXGLpHSRXUVHVPXOWLSOHVSURSULpWpVDOODQW
GHODFDWDO\VHjODPpGHFLQHHQSDVVDQWSDUODVpSDUDWLRQHWOHVWRFNDJHGHVGpFKHWVQXFOpDLUHV
/HV320VVRQWQRWDPPHQWXWLOLVpVSRXUODV\QWKqVHGHQDQRSDUWLFXOHVPpWDOOLTXHV(QHIIHWLOV
YRQWjODIRLVMRXHUOHU{OHGHUpGXFWHXUPDLVDXVVLGHVXUIDFWDQW
'HO¶DXWUHF{WpOHVQDQRPDWpULDX[FRQVWLWXHQWXQFKDPSGHUHFKHUFKHHQSOHLQHHIIHUYHVFHQFH
GHSXLVOHVGHUQLqUHVDQQpHVLOVVRQWIRUWHPHQWXWLOLVpVSRXUOHXUVSURSULpWpVFDWDO\WLTXHVHW
VRQWDXMRXUG¶KXL©PDOOpDEOHVªjVRXKDLWSRXUGHVDSSOLFDWLRQVGHSOXVHQSOXVSUpFLVHVOHXU
WDLOOH OHXU IRUPH OHXU GLPHQVLRQ ' '« VRQW DXWDQW GH SDUDPqWUHV TXL SHXYHQW rWUH
FRQWU{OpV'HSOXVOHVPpWDX[QREOHVRQWSURXYpOHXUHIILFDFLWpGDQVOHVDSSOLFDWLRQVHQUHODWLRQ
DYHF OHV pQHUJLHV SURSUHV j VDYRLU OD SURGXFWLRQ G¶K\GURJqQH SDU UpGXFWLRQ GHV SURWRQV OD
UpGXFWLRQGHO¶R[\JqQHHWGXSHUR[\GHG¶K\GURJqQHRXHQFRUHGDQVO¶R[\GDWLRQGHVDOFRROV
/¶DVVRFLDWLRQ FRQWU{OpH GH FHV GHX[ FRPSRVDQWHV OH SRO\R[RPpWDOODWH HW OD QDQRSDUWLFXOH
SRXUUDLW DORUVFRQGXLUHjXQHIIHW V\QHUJLTXHSRXUXQHDSSOLFDWLRQSUpFLVH OD UpGXFWLRQGHV
LRQVQLWUDWHRXGXGLR[\JqQH(QHIIHWOHVQLWUDWHVTX¶LOVVRLHQWG¶RULJLQHDJULFROHXUEDLQHRX
LQGXVWULHOOHVRQWGpVRUPDLVUHFRQQXVFRPPHSROOXDQWV ORUVTX¶LOVGpSDVVHQWXQFHUWDLQ VHXLO
IL[pSDUO¶206
/HSUHPLHUFKDSLWUHVHUDFRQVDFUpjXQUDSSHOELEOLRJUDSKLTXHDILQGHSUpVHQWHUGDQVXQSUHPLHU
WHPSV OHV GLIIpUHQWHV IDPLOOHV GH SRO\R[RPpWDOODWHV HW OHXU GLYHUVLWp VWUXFWXUDOH HW GDQV XQ
VHFRQGWHPSVO¶XWLOLVDWLRQGHVHVSRO\R[RPpWDOODWHVSRXUODV\QWKqVHGHQDQRSDUWLFXOHVOHXUV
GLIIpUHQWVPR\HQVGHFDUDFWpULVDWLRQHWOHXUVDSSOLFDWLRQV
/HVHFRQGFKDSLWUHVHUDO¶REMHWGHODV\QWKqVHHWO¶pWXGHpOHFWURFKLPLTXHGHGLIIpUHQWV320V
GHVIDPLOOHV'DZVRQHW.HJJLQVXEVWLWXpVSDUGHVFHQWUHVPRO\EGLTXHVHWRXYDQDGLTXHVDILQ
GH GpWHUPLQHU OHV GLIIpUHQWV PpFDQLVPHV pOHFWURQLTXHV D\DQW OLHX DX VHLQ GH OHXU VWUXFWXUH
/¶pWXGHH[SpULPHQWDOHDpWpFRPSOpWpHSDUXQHpWXGHWKpRULTXHSDU')7
/HWURLVLqPHFKDSLWUHDERUGHUDODV\QWKqVHGHQDQRSDUWLFXOHVPpWDOOLTXHVSDULUUDGLDWLRQGDQV
OHYLVLEOHGHGLIIpUHQWV320V8QHJURVVHSDUWLHVHUDFRQVDFUpHjO¶pWXGHGHFHVV\QWKqVHVSDU
VSHFWURVFRSLH 89±YLVLEOH PDLV G¶DXWUHV WHFKQLTXHV W\SLTXHV GH O¶pWXGH GHV V\VWqPHV
QDQRPpWULTXHVVHURQWpJDOHPHQWXWLOLVpHV
,QWURGXFWLRQJpQpUDOH

(QILQOHTXDWULqPHHWGHUQLHUFKDSLWUHWUDLWHUDGHO¶pWXGHpOHFWURFKLPLTXHGHFHVQDQRSDUWLFXOHV
DLQVLTXHGHFHOOHGHPDWpULDX[K\EULGHV320V13V/HXUSRXYRLUpOHFWURFDWDO\WLTXHYLVj
YLVGHODUpGXFWLRQGHVLRQVQLWUDWHHWODUpGXFWLRQGXGLR[\JqQHVHUDpYDOXp(QILQFHVpWXGHV
VHURQWFRPSOpWpHVSDUODIRUPDWLRQG¶pOHFWURGHVPRGLILpHVSDUGpS{WpOHFWURO\WLTXHGHFHQWUHV
PpWDOOLTXHVFXLYUHHWSDOODGLXPTXLVHURQWpWXGLpHVSRXUODUpGXFWLRQGHVLRQVQLWUDWH

 
 
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Chapitre I - Repères bibliographiques 
I.1.Présentation générale des polyoxométallates 
I.1.1. Définitions 
/HVSRO\R[RPpWDOODWHV 320VVRQWGHVHQWLWpVSRO\QXFOpDLUHV UpVXOWDQWGH ODFRQQH[LRQGH
SRO\qGUHV >02\@Q R 0 HVW XQ FHQWUH PpWDOOLTXH /HV 320V UHSUpVHQWHQW GHV HVSqFHV
LQWHUPpGLDLUHVHQWUHO
LRQPpWDOODWHEDVLTXHPRQRQXFOpDLUH>02@QOLEUHHQVROXWLRQHWO
R[\GH
PpWDOOLTXH02[VROLGH'¶XQHIDoRQJpQpUDOHRQOHVREWLHQWSDUSRO\FRQGHQVDWLRQGHODIRUPH
PRQRPqUH >02@Q HQ PLOLHX DFLGH 2Q GLVWLQJXH GHX[ JUDQGHV IDPLOOHV GH 320V OHV
LVRSRO\R[RPpWDOODWHVGHIRUPXOHJpQpUDOH>0[2\@QGDQVOHVTXHOVRQUHWURXYHXQVHXOpOpPHQW
PpWDOOLTXH0JpQpUDOHPHQWjVRQSOXVKDXWGHJUpG
R[\GDWLRQRPDMRULWDLUHPHQW0 :9,9
0R9,9 99,9 HW OHV KpWpURSRO\R[RPpWDOODWHV 'DQV FHWWH VHFRQGH IDPLOOH OHV HQWLWpV
PpWDOODWHV^02\`V
DUUDQJHQWDXWRXUG
XQpOpPHQWGHQDWXUHGLIIpUHQWHO¶KpWpURpOpPHQW;TXL
VHUHWURXYHjVRQWRXUGDQVXQHFDJHIRUPpHSDUGHVDWRPHVG¶R[\JqQHGRQWOHQRPEUHSHXW
YDULHU HQWUH  HW  /HV pOpPHQWV OHV SOXV XWLOLVpV VRQW OH VLOLFLXP OH SKRVSKRUH OH ERUHRX
O
DUVHQLFPrPHVLGHSOXVHQSOXVG¶DXWUHVpOpPHQWVVRQWXWLOLVpV(QUqJOHJpQpUDOHOHV320V
VRQWFKDUJpVQpJDWLYHPHQWWRXWHIRLVLOH[LVWHGHVHQWLWpVVWUXFWXUDOHVSRXYDQWrWUHQHXWUHVYRLUH
FDWLRQLTXHV
/D IRUPDWLRQ GHV SRO\R[RPpWDOODWHV UpVXOWH GH SURFHVVXV GH FRQGHQVDWLRQ FRQGXLVDQW j OD
FUpDWLRQGHSRQWR[RHWK\GUR[RHQWUHOHVFDWLRQVPpWDOOLTXHV
02+02+ĺ02+0+2 RODWLRQ
02+02+ĺ020+2 R[RODWLRQ
/DPDQLqUHGRQWOHVHQWLWpVYRQWV¶DVVHPEOHUVHUDIRUWHPHQWGpSHQGDQWHGXS+PDLVpJDOHPHQW
GHODIRUFHLRQLTXHODFRQFHQWUDWLRQODVW°FKLRPpWULHRXHQFRUHODWHPSpUDWXUH
/DSUHPLqUHGHVFULSWLRQG¶XQ320HVWDWWULEXpj%HU]pOLXVTXLDLVROpOHVHOG¶DPPRQLXPGX
PRO\EGRSKRVSKDWH>30R2@HQ7RXWHIRLVFHVRQW OHVWUDYDX[GH-).HJJLQ
TXLRQWSHUPLVGHPHWWUHHQpYLGHQFHVDVWUXFWXUHHQSDUGLIIUDFWLRQGHVUD\RQV;'HSXLV
GHVFHQWDLQHVGHVWUXFWXUHVSUREDEOHPHQWGHVPLOOLHUVRQWpWpGpFRXYHUWHVJUkFHQRWDPPHQW
DX[WUDYDX[GH6RXFKD\GDQVODVHFRQGHSDUWLHGX;;qPHVLqFOH&HVPDWpULDX[RIIUHQWXQODUJH
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SDQHOG¶DSSOLFDWLRQVODFKLPLHDQDO\WLTXHODFDWDO\VHKRPRJqQHHWKpWpURJqQHODPpGHFLQH
DFWLYLWpDQWLWXPRUDOHHWDQWLUpWURYLUDOH OH PDJQpWLVPH PROpFXODLUH O¶pOHFWURQLTXHHW
O¶RSWLTXHRXHQFRUHODVpSDUDWLRQGHVGpFKHWVQXFOpDLUHV
I.1.2. Les polyoxométallates et leurs architectures 
'DQVODVWUXFWXUHG¶XQ320OHVRFWDqGUHV^02`SHXYHQWV¶DVVHPEOHUGHGLIIpUHQWHVPDQLqUHV
SDUPLVHHQFRPPXQGHVRPPHWVG¶DUrWHVRXGHIDFH7RXWHIRLVPrPHVL OHVFRPELQDLVRQV
SRVVLEOHVSHXYHQWSDUDLWUHLQILQLHVXQJUDQGQRPEUHGHVWUXFWXUHGH320VGpULYHQWG¶XQSHWLW
QRPEUH GH VWUXFWXUH W\SLTXHV (Q FH TXL FRQFHUQH OHV LVRSRO\DQLRQV DVVHPEODJH GH
JURXSHPHQWV^02`GHQXFOpDULWpYDULDEOHOHV320VGHW\SH/LQGTXLVWGHIRUPXOHJpQpUDOH
>02@Q OH GpFDYDQDGDWH >92@ RX OH SDUDWXQJVWDWH >+:2@ HQ VRQW TXHOTXHV
H[HPSOHVILJXUH

3RXUOHVKpWpURSRO\DQLRQVDVVHPEODJHGHJURXSHPHQWV^02`DXWRXUG¶XQKpWpURpOHPHQW;
WURLVGLIIpUHQWHVVWUXFWXUHVVRQWSUpGRPLQDQWHVOHV320VGHW\SH.HJJLQ>;Q02@QOHV
320VGHW\SH'DZVRQ>;Q02@QHWOHV320VGHW\SH$QGHUVRQ>;Q02@QR
0HVWXQPpWDODXGHJUpG¶R[\GDWLRQ9,ILJXUH
)LJXUH5HSUpVHQWDWLRQSRO\pGULTXHGHVLVRSRO\R[RPpWDOODWHVD>92@E>02@Q
F>+:2@
^02`
D E F
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
3DUPLOHV320VOHVSOXVDW\SLTXHVLOQ¶HVWSDVUDUHG¶HQWURXYHUjEDVHGHPpWDX[QREOHVTXL
RIIUHQWGHVVWUXFWXUHVWUqVRULJLQDOHVDX[SURSULpWpVSURPHWWHXVHVHQFDWDO\VHQRWDPPHQW
/HVH[HPSOHVSUpVHQWpVFLGHVVRXVILJXUHPRQWUHQWTXHOHVVWUXFWXUHVVRQWLQpGLWHVDYHFXQ
JUDQGQRPEUHG¶LRQVPpWDOODWHVSUpVHQWV/HVSRO\R[RSDOODGDWHVHQVRQWXQERQH[HPSOH'DQV
OHFRPSRVp>3G6H22@V\QWKpWLVpVSDU/LQHWDO ODVWUXFWXUHSHXWrWUHGpFULWH
FRPPH XQH FDJH FRPSRUWDQW TXLQ]H FHQWUHV 3G DLQVL TX¶XQH PROpFXOH G¶HDX OLEUH
/¶K\GURO\VHEDVLTXHGH+$X&OVXLYLGHODFRQGHQVDWLRQPqQHjODIRUPDWLRQGHVK\GUR[\GHV
>$X2+@HWTXLPLVHQSUpVHQFHGH$V2SURGXLWOHSRO\R[RDXUDWH>$X$V2@/HV
TXDWUH FHQWUHV $X,,, VH WURXYHQW HQ SODQ FDUUp UHOLpV SDU TXDWUH SRQWVR[R HW DUVpQDWHV 7RXW
FRPPH OHV SRO\R[RSDOODGDWHV OHV SRO\R[RQLREDWHV SUpVHQWHQW pJDOHPHQW GHV SURSULpWpV
LQWpUHVVDQWHVSRXUODFDWDO\VH/¶H[HPSOHGXFRPSRVp>6L2+6L1E2@GH1\PDQHWDO
FRQVLVWH HQ O¶DVVHPEODJH GH VHL]H RFWDqGUHV ^1E2` IRUPDQW GHV LRQV GH W\SH .HJJLQV
LQFRPSOHWV UHQIHUPDQW OHV TXDWUH WpWUDqGUHV ^6L2` (QILQ OHV SRO\R[RYDQDGDWHV pWXGLpV
GHSXLVOHVDQQpHVPRQWUHQWGHVDSSOLFDWLRQVLQWpUHVVDQWHVGDQVOHGRPDLQHGHODFDWDO\VH
RXHQFRUHGXPDJQpWLVPH/HFRPSOH[H>92;@GH0OOHUHWDOHQHVWXQH[HPSOH,O
HVWFRQVWLWXpG¶XQFOXVWHUjGL[KXLWSRO\qGUHV^92`S\UDPLGHjEDVHFDUUpH IRUPDQWXQH
FDJHFDSDEOHG¶DFFXHLOOLUXQK{WHGHQDWXUHYDULpH; +2KDORJqQXUHRXQLWULWH12HQWUH
DXWUHV




^02`
^;2`
^;2` D E F
)LJXUH5HSUpVHQWDWLRQSRO\pGULTXHGHVKpWpURSRO\R[RPpWDOODWHVGHW\SHD.HJJLQE
'DZVRQF$QGHUVRQ
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I.1.2.a. Les polyoxométallates de type Keggin 
/D VWUXFWXUH .HJJLQ ^;0` SHXW rWUH GpFULWH FRPPH O¶DVVHPEODJH GH TXDWUH JURXSHPHQWV
^02` DSSHOpV WULDGHV DXWRXU G¶XQ KpWpURpOpPHQW GH W\SH ^;2` &KDTXH WULDGH HVW
FRPSRVpHGHWURLVJURXSHPHQWV^02`SRVVpGDQWWURLVDUrWHVFRPPXQHVDLQVLTX¶XQDWRPH
G¶R[\JqQHIRUPDQWXQSRQWR[RDYHFOHWpWUDqGUHFHQWUDOILJXUH/HVWULDGHVVRQWFRQQHFWpHV
HQWUHHOOHVSDUOHXUVVRPPHWVRXOHXUVDUrWHV



)LJXUH5HSUpVHQWDWLRQVGH320VQRQFRQYHQWLRQQHOVD>3G6H22@
E>$X$V2@F>6L2+6L1E2@G>92;@
F G
D E
3G
6H
$X
2
$V
^92`
^6L2`
^1E2`
)LJXUH5HSUpVHQWDWLRQSRO\pGULTXHHWpFODWpHG¶XQHWULDGH^02`
^02`
2
0
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
&HWWHVWUXFWXUHSUpVHQWHSOXVLHXUVLVRPqUHVĮȕȖįİVXLYDQWOHPRGHGHFRQQH[LRQGHFHV
TXDWUHWULDGHVILJXUH/HVTXDWUHWULDGHVGHO¶LVRPqUHĮVRQWFRQQHFWpHVXQLTXHPHQWSDUOHXU
VRPPHWSRXUGRQQHUXQHV\PpWULH7G/¶LVRPqUHȕV¶REWLHQWSDUURWDWLRQG¶XQHWULDGHGHʌ
DXWRXU G¶XQ D[H & 3DU URWDWLRQ VXFFHVVLYH GHV DXWUHV WULDGHV WRXMRXUV GH ʌ OHV DXWUHV
LVRPqUHVVRQWREWHQXVMXVTX¶jODIRUPDWLRQGHO¶LVRPqUHİGHV\PpWULH7G



/HV LVRPqUHV Į HW ȕ VRQW OHV SOXV VWDEOHV /¶LVRPqUH į Q¶D pWp REVHUYp TXH GDQV OH FDV GX
SRO\FDWLRQ>$O22++@/¶LVRPqUHİHVWUHODWLYHPHQWLQVWDEOHWRXWHIRLVLOSHXW
rWUHVWDELOLVpSDUODSUpVHQFHGHPpWDX[GHWUDQVLWLRQGITXLYLHQQHQW©FRLIIHUªOHVIDFHV
WULPpWDOOLTXHVGX320
,OHVWSRVVLEOHG¶K\GURO\VHUGH IDoRQVpOHFWLYHHWFRQWU{OpHFHVFRPSRVpVSRXUIRUPHUGHV
HVSqFHVGLWHVODFXQDLUHV(QHIIHWHQFRQGLWLRQVEDVLTXHV LOYDrWUHSRVVLEOH©G¶{WHUªXQ
GHX[ YRLUH WURLV JURXSHPHQWV ^02` FH TXL HQWUDLQH GRQF OD IRUPDWLRQ GH GpULYpV
PRQRYDFDQWV >;Q02@Q GLYDFDQWV >;Q02@Q HW WULYDFDQWV >;Q02@Q
ILJXUH'DQVODSUDWLTXHFHVHVSqFHVODFXQDLUHVVRQWSUpSDUpHVGLUHFWHPHQWjSDUWLUG¶XQH
VROXWLRQ FRQWHQDQW XQ PpODQJH G¶LRQV PpWDOODWHV GH O¶KpWpURDWRPH /D IRUPDWLRQ GH FHV
HVSqFHVODFXQDLUHVV¶HIIHFWXHSDUFRQWU{OHGXS+


)LJXUH5HSUpVHQWDWLRQVSRO\pGULTXHVGHVLVRPqUHVGHODVWUXFWXUH.HJJLQ
Į ȕ Ȗ į İ
^02` ^;2`^02`
)LJXUH5HSUpVHQWDWLRQSRO\pGULTXHGHVGpULYpVODFXQDLUHVGHODVWUXFWXUH.HJJLQ
^;2`
D E F
^02`
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
/HVFRQGLWLRQVGHV\QWKqVHDLQVLTXH OHGRPDLQHGHVWDELOLWpGHFHV320VVRQW SDUIDLWHPHQW
FRQQXV GHSXLV OHV pWXGHV HQ SRODURJUDSKLH HW 501 PXOWLQXFOpDLUH : 6L 3 «
7RXWHIRLVFHVHVSqFHVSHXYHQWpYROXHUHWGHVpTXLOLEUHVHQWUHHVSqFHVH[LVWHQW8QH[HPSOH
W\SLTXHGHFHVpTXLOLEUHVFRQFHUQHODIDPLOOHGHVVLOLFRWXQJVWDWHVSRXUODTXHOOHOHVpTXLOLEUHV
HWOHVFRQGLWLRQVG¶H[LVWHQFHGHVGLIIpUHQWHVHVSqFHVODFXQDLUHVVRQWFODLUHPHQWpWDEOLVILJXUH
 OHV FRPSRVpV SUpVHQWDQW OH SOXV JUDQG QRPEUH GH ODFXQHV VRQWREWHQXV HQ PLOLHX SOXV
EDVLTXH HW LQYHUVHPHQW OD IRUPDWLRQ GHV HVSqFHV PRQRYDFDQWHV RX VDWXUpHV V¶HIIHFWXH HQ
PLOLHXDFLGH



3RXUOHVHVSqFHV^;0`LOHVWjQRWHUTX¶HQSOXVGHVGLIIpUHQWVLVRPqUHVGXVjODURWDWLRQGHV
WULDGHVLOH[LVWHpJDOHPHQWGHX[IRUPHVVHGLIIpUHQFLDQWSDUO¶RULHQWDWLRQGXWpWUDqGUHFHQWUDO
'HX [ IRUPHV QRWpHV $ HW % VRQW GRQF SRVVLE OHV VX LY DQW T X H OH WpWUDqG UH SRLQWH YHUVRX j
O¶RSSRVpGHVODFXQHVILJXUH'HSOXVSRXUODIRUPH$ODODFXQHSURYLHQWGHODVXSSUHVVLRQ
)LJXUH5HODWLRQG¶LQWHUFRQYHUVLRQHQWUHOHVGLIIpUHQWVDQLRQVVLOLFRWXQJVWDWHVGpULYpVGHOD
VWUXFWXUH.HJJLQ
6L2:2
+:2
$ȕ>6L:2+@
$Į>6L:2@
ȕ>6L:2@
ȕ>6L:2@
ȕ>6L:2@
ȕ>6L:2@
Į>6L:2@Į>6L:2@
Ȗ>6L:2+@
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GH WURLV JURXSHPHQWV ^02` GH WURLV WULDGHV GLIIpUHQWHV DORUV TXH SRXU OD IRUPH % XQ
JURXSHPHQW^02`DpWpHQOHYp

)LJXUH5HSUpVHQWDWLRQSRO\pGULTXHGHVLVRPqUHVD^$Į;0`HWE^%Į;0`
I.1.2.b. Les polyoxométallates de type Dawson 
/DVHFRQGHJUDQGH IDPLOOHSDUPL OHVSOXV LPSRUWDQWHVHVWFHOOHGHV320VGHW\SH'DZVRQ
>;Q02@QILJXUH/H320GHW\SH'DZVRQSHXWrWUHGpFULWFRPPHO¶DVVHPEODJH
GH GHX[ IUDJPHQWV WULYDFDQWV ^;0` /H FOXVWHU GH V\PpWULH 'K HVW FRPSRVpH GH GHX[
IUDJPHQWV^02`DSSHOpVFRXURQQHVFKDFXQHOLpHWURLVIRLVjO¶KpWpURpOpPHQWFHQWUDOTXLHVW
HQ HQYLURQQHPHQW WpWUDpGULTXH &HV GHX[ FRXURQQHV VRQW SULVHV HQ ©VDQGZLFKª SDU GHX[
WULDGHV^02`DSSHOpHVFKDSHDX[
/&:%DNHUHW-6)LJJLVRQWHQYLVDJpO¶H[LVWHQFHGHVL[LVRPqUHVĮȕȖHWĮȕȖ
/HV LVRPqUHV ȕ HW Ȗ VRQW REWHQXV SDU URWDWLRQ GH ʌ G¶XQH RX GHV GHX[ WULDGHV ^02`
UHVSHFWLYHPHQW 3RXU OHV LVRPqUHV Į ȕ HW Ȗ LOV VRQW GpULYpV GHV LVRPqUHV Į ȕ HW Ȗ
UHVSHFWLYHPHQWSDUURWDWLRQGHʌG¶XQIUDJPHQW^;0`7RXWHIRLV5&RQWDQWHW*+HUYp
RQWPRQWUpTXHO¶H[LVWHQFHGHFHVVL[LVRPqUHVGpSHQGDLWGHO¶KpWpURpOpPHQWXWLOLVpĮȕHWȖ
H[LVWHDYHFOHSKRVSKRUHDORUVTXHOHVIRUPHVĮȕȖHWȖH[LVWHDYHFO¶DUVHQLF/HVLVRPqUHV
ĮHWȕQ¶RQWMDPDLVpWpREVHUYpMXVTX¶DORUV
'H OD PrPH PDQLqUHTXHSRXU OHV320VGH W\SH.HJJLQ LO HVWSRVVLEOHGHV\QWKpWLVHUGHV
320VODFXQDLUHVGHW\SH'DZVRQSDUK\GURO\VHEDVLTXHPpQDJpH,OHQH[LVWHWURLVSULQFLSDX[
O¶LRQPRQRODFXQDLUH^;0`TXLSHXWrWUHGHW\SHLVRPpULTXHĮRXĮVLODODFXQHVHWURXYH
GDQV XQH FRXURQQH RX XQ FKDSHDX UHVSHFWLYHPHQW O¶LRQ WULODFXQDLUH ^;0` HW O¶LRQ
KH[DODFXQDLUH^;0`ILJXUH
^02`
^;2`
D E
&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV



)LJXUH5HSUpVHQWDWLRQSRO\pGULTXHGHVGpULYpVODFXQDLUHVGHODVWUXFWXUH'DZVRQ
D^Į3:`E^Į3:`F^Į3:`G^Į3:`
3OXVWDUGLODpWpVXSSRVpO¶H[LVWHQFHG¶XQHHVSqFHGLODFXQDLUH^;0`ROHVGHX[ODFXQHVVH
WURXYHQWGDQVXQHWULDGH&HWWHHVSqFHDSXrWUHREVHUYpHSDU5013HQVXLYDQWODUpDFWLRQ
^;0`ĺ^;0`HWFRUUHVSRQGjXQLQWHUPpGLDLUHFLQpWLTXH
/HV YDULDWLRQVGHVFRQGLWLRQVGHV\QWKqVHSHUPHWWHQWGRQFG¶REWHQLUFHVGLIIpUHQWHVHVSqFHV
ODFXQDLUHV/DIDPLOOHGHVSKRVSKRWXQJVWDWHVHVWXQH[HPSOHW\SLTXHHWOHVpTXLOLEUHVHQWUHVOHV
GLIIpUHQWHVHVSqFHV ODFXQDLUHVHQVROXWLRQVRQWFODLUHPHQWpWDEOLHVSDU501 3ILJXUH
&RPPHGDQVOHFDVGHV320V.HJJLQOHVHVSqFHVFRPSRUWDQWOHSOXVJUDQGQRPEUHGHODFXQHV
VRQWREWHQXHVGDQVGHVFRQGLWLRQVGHS+pOHYp
'DQVFHVFKpPDDSSDUDLVVHQWGHX[DXWUHVFRPSRVpV/HFRPSRVp^3:`TXLHVWXQHHVSqFH
LQWHUPpGLDLUHORUVGHO¶DXWRDVVHPEODJHGHO¶LRQKH[DYDFDQW^3:`YHUVO¶LRQPDFURF\FOLTXH
^3:`$XFXQHVWUXFWXUHGHFHFRPSRVpQ¶HVWHQFRUHFRQQXHPDLVGHX[K\SRWKqVHVRQWpWp
pPLVHV'DQVOHVGHX[FDVLOV¶DJLUDLWG¶XQGLPqUHGH^3:`L OHVGHX[HQWLWpV^3:`
VHUDLHQW OLpHVRUWKRJRQDOHPHQWV\PpWULH&YFHTXLPqQHUDLWj OD IRUPDWLRQGH^3:`HQ
SUpVHQFHG¶LRQVSRWDVVLXPLLOHVGHX[HQWLWpV^3:`VHUDLHQWOLpHVOLQpDLUHPHQWV\PpWULH
&KHWIRUPHUDLWGRQFXQHFKDLQHSRO\PqUH&HWWHHVSqFHSHXWrWUHREWHQXHVHXOHPHQWGDQV
OH FDV G¶XQH DFLGLILFDWLRQ GH ^3:` VDQV SUpVHQFH GH WXQJVWDWH 'DQV OH FDV FRQWUDLUH OD
FRQGHQVDWLRQ GH WXQJVWDWH VXU O¶LRQ ^3:` FRQGXLW  j O¶LVRPqUH Į GH O¶LRQ PRQRYDFDQW
^3:`HWFHGjODWUqVIRUWHUpDFWLYLWpGHVDWRPHVG¶R[\JqQHERUGDQWOHVODFXQHVLVVXHVGHV
WULDGHV&HVUHODWLRQVG¶pTXLOLEUHVVRQWpJDOHPHQWjFRQVLGpUHUDYHFOHVLVRPqUHVȕHWȖ
^02`
^;2`
D E F G
&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV



)LJXUH5HODWLRQG¶LQWHUFRQYHUVLRQHQWUHOHVGLIIpUHQWHVHVSqFHVODFXQDLUHVGHODIDPLOOH
GHVSKRVSKRWXQJVWDWHVGpULYpVGHODVWUXFWXUH'DZVRQ

I.1.3. Les polyoxométallates substitués et hybrides 
/HVSRO\R[RPpWDOODWHVQHVHOLPLWHQWSDVjFHVVLPSOHVVWUXFWXUHV(QREVHUYDQWOHVVWUXFWXUHV
ODFXQDLUHVLOHVWIDFLOHGHFRPSUHQGUHTXHFHVHVSqFHVSHXYHQWLQFRUSRUHUGHVPpWDX[GGHV
pOpPHQWVGXEORFSRXpJDOHPHQWGHVODQWKDQLGHVHWDFWLQLGHV
/HVV\VWqPHVK\EULGHVVRQWHQSOHLQGpYHORSSHPHQWGHSXLVSOXVLHXUVDQQpHVGDQVTXDVLPHQW
WRXV OHV GRPDLQHV GH OD FKLPLH /HV 320V QH GpURJHQW SDV j FHWWH UqJOH 'XUDQW FHV GL[
GHUQLqUHVDQQpHVGHQRPEUHXVHVSXEOLFDWLRQVSRUWDQWVXUODV\QWKqVHGHV\VWqPHVK\EULGHVj
EDVHGHSRO\R[RPpWDOODWHVVRQWDSSDUXHV3DUGpILQLWLRQOHWHUPHK\EULGHLPSOLTXHODSUpVHQFH
G¶XQH SDUWLH LQRUJDQLTXH HW G¶XQH VHFRQGH RUJDQLTXH 2U OHV 320V DXVVL SHUPHWWHQW
G¶REWHQLU G¶DXWUHV V\VWqPHV ©PL[WHVª FRPPH OHV DVVHPEODJHV 320VQDQRSDUWLFXOHV
13V#320VGHV320V02)0HWDO2UJDQLF)UDPHZRUNDXVVLDSSHOpV3202)V«

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&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV
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
I.1.3.a. Polyoxométallates substitués par des éléments des blocs d, p et f 
x (VSqFHVLQFRUSRUDQWGHVpOpPHQWVGXEORFG
/HV SRO\R[RPpWDOODWHV ODFXQDLUHV SRVVqGHQW GHV DWRPHV G¶R[\JqQH IRUWHPHQW QXFOpRSKLOHV
ERUGDQWODRXOHVODFXQHVHWSHXYHQWGRQFUpDJLUDYHFGHVpOHFWURSKLOHVFRPPHOHVPpWDX[GH
WUDQVLWLRQ/H320ODFXQDLUHSHXWGRQFrWUHYXFRPPHXQOLJDQGLQRUJDQLTXHPXOWLGHQWDWH/H
FDWLRQPpWDOOLTXHYDYHQLUVHOLHUDX[DWRPHVG¶R[\JqQHVGHODODFXQHVDVSKqUHGHFRRUGLQDWLRQ
FRPSOpWpH SDU GHV PROpFXOHV G¶HDX RX GHV OLJDQGV RUJDQLTXHV /¶HVSqFH REWHQXH HVW GRQF
VDWXUpHJUkFHjFHFHQWUHPpWDOOLTXHILJXUH

)LJXUH,QVHUWLRQG¶XQFDWLRQPpWDOOLTXHGDQVODODFXQHG¶XQGpULYpPRQRYDFDQWGHW\SH
.HJJLQDĮ>;Q02@QEĮ>;00P2@PQ
'DQVFHWWHSDUWLH OHVH[HPSOHV VHURQW OLPLWpVDX[SRO\R[RWXQJVWDWHV/HVFRPSRVpVGHW\SH
.HJJLQPRQRVXEVWLWXpVSRXUOHVTXHOVODVWUXFWXUHQ¶HVWSDVGpVRUGRQQpHVRQWUDUHV(QHIIHWOH
PpWDOTXLSUHQGOLHXHWSODFHG¶XQJURXSHPHQW^02`HVWHQJpQpUDOGLVWULEXpHQWDX[SDUWLHOV
VXU O¶HQVHPEOH GHV SRVLWLRQV pTXLYDOHQWHV REWHQXHV GDQV OH VROLGH FULVWDOOLVp 7RXWHV FHV
FRQFOXVLRQVVRQWjFRQVLGpUHUpJDOHPHQWSRXUOHV320VGHW\SH'DZVRQSXLVTXHGDQVOHVGHX[
FDVĮRXĮOHPpWDODRXSRVLWLRQVpTXLYDOHQWHVUHVSHFWLYHPHQW
3RXUFHTXLHVWGHVDXWUHVHVSqFHVODFXQDLUHVOHVDQLRQV.HJJLQGHW\SH^;:`GRQQHQWGDQV
ODPDMRULWpGHVFDVGHVVWUXFWXUHVGHW\SH©VDQGZLFKªFHTXLFRUUHVSRQGjODIRUPDWLRQG¶XQ
GLPqUH FRPSRVp GH GHX[ HQWLWpV ^;:` R OHV PpWDX [ G H WUDQVLWLRQ VRQW OLpV j FKDT XH
PRQRPqUHSDUGHVSRQWVR[R,OH[LVWHpJDOHPHQWG¶DXWUHVVWUXFWXUHVFRPPHSDUH[HPSOH OH
FRPSOH[H >+3:1L22++2@ V\QWKpWLVp SDU .RUW] HW DO /HV WURLV ODFXQHV VRQW
FRPSOpWpHV SDU WURLV DWRPHV GH QLFNHO HQ HQYLURQQHPHQW RFWDpGULTXH HW OD VWUXFWXUH HVW
ILQDOHPHQW VXUPRQWpH G¶XQ TXDWULqPH DWRPH GH QLFNHO HQ SRVLWLRQ DSLFDOH LO HQ UpVXOWH XQ
DUUDQJHPHQWGHW\SHFXEDQH3OXVUpFHPPHQW&DUHWDORQWPLVHQpYLGHQFHXQH[HPSOHSOXV
^02`
^;2` 

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
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
DW\SLTXHDYHFODIRUPDWLRQG¶XQHFKDLQHSXUHPHQWLQRUJDQLTXHjEDVHGH.HJJLQGLVXEVWLWXpV
DXPDQJDQqVHILJXUH(QSDUWDQWG¶HQWLWpV^6L:`DX[TXHOOHVHVWDMRXWpGHO¶DFpWDWHGH
PDQJDQqVH0Q&+&22ODFKDLQHHVWREWHQXHSDUFRQQH[LRQVGHV320V^0Q6L:`YLD
GHVOLDLVRQV0Q2:

)LJXUH5HSUpVHQWDWLRQSRO\pGULTXHGHODFKDLQH'>Į0Q6L:2@

/HVGLPqUHVjEDVHGHPRWLIV^;:`VRQWWUqVpWXGLpVGHSXLVGHVDQQpHVSRXUOHXUVSURSULpWpV
HQFDWDO\VHRXHQ PDJQpWLVPH PROpFXODLUH/HVHVSqFHV ODFXQDLUHVRQWSRXUSDUWLFXODULWp
G¶rWUH GLDPDJQpWLTXHV HW DJLVVHQW GRQF FRPPH XQH HQYHORSSH SURWHFWULFH SRXU OLPLWHU OHV
LQWHUDFWLRQV PDJQpWLTXHV LQWHUPROpFXODLUHV &HV FRPSRVpV VDQGZLFKV VRQW UpSHUWRULpV HQ
SOXVLHXUVFODVVHV(OOHV VRQWGpILQLHVVXLYDQW OH IDLWTXH O¶KpWpURpOpPHQWSRVVqGHRXQRQXQH
SDLUH OLEUH G¶pOHFWURQV 'DQV OH SUHPLHU FDV GHX[ SRVVLELOLWpV VRQW HQYLVDJHDEOHV OHV
VDQGZLFKV G¶+HUYp GH IRUPXOH ^;:20+2` HW OHV VDQGZLFKV GH :HDNOH\ GH
IRUPXOH ^;:20+2` 'DQV OH VHFRQG FDV FH VRQW OHV VDQGZLFKV GH .UHEV GH
IRUPXOH^;:20+2`ILJXUH

)LJXUH5HSUpVHQWDWLRQVWUXFWXUDOHVGHVGLIIpUHQWVFRPSOH[HVVDQGZLFKV
DG¶+HUYpEGH:HDNOH\FGH.UHEV

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
'HQRPEUHXVHVDXWUHVVWUXFWXUHVH[LVWHQWSRXYDQWFRQWHQLUMXVTX¶jPpWDX[GXQHGRXEOH
FRXURQQHHWF«'HSOXV OHV WRSRORJLHVSRVVLEOHVQHVH OLPLWHQWSDVDX[GLPqUHV(QHIIHW LO
Q¶HVWSDVUDUHGHYRLUGHVWULPqUHVRXGHVWpWUDPqUHVILJXUH

)LJXUH5HSUpVHQWDWLRQVWUXFWXUDOHGHFRPSRVpVjDXWUHVWRSRORJLHV
D>6E:20Q&O@E>6L:0Q22+@F>)H,,)H,,,2+32%Į3:2@

/HV320VGHW\SH'DZVRQQHGpURJHQWSDVj OD UqJOH/HVVWUXFWXUHVVDQGZLFKQHVRQWSDV
UDUHV HW LO HVW pJDOHPHQW SRVVLEOH GH WURXYHU GHV DUUDQJHPHQWV WULPpULTXHV HW WpWUDPpULTXHV
UpVXOWDQWGHODFRQQH[LRQGHVRXVXQLWpVGHW\SH'DZVRQ3DUH[HPSOH O¶LRQ^3:`SHXW
FKpODWHUGHVPpWDX[GHWUDQVLWLRQSRXUGRQQHUOHFpOqEUH>3:2&X;2++2@
; &O%U,REWHQXSDU.RUW]HWDO/HVYLQJWDWRPHVGHFXLYUHVRQWGRQFSLpJpVDXVHLQ
GHODPDWULFHSRO\DQLRQLTXHDYHFODSUpVHQFHG¶XQLRQKDORJpQXUHHQVRQFHQWUHILJXUH

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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

)LJXUH5HSUpVHQWDWLRQGHGLYHUVFRPSOH[HVjEDVHW\SH'DZVRQ
D>3:2&X;2++2@E>3:7L21+@

x (VSqFHVLQFRUSRUDQWGHVpOpPHQWVGXEORFS
/HVpOpPHQWVGXEORFSVRQWHQJpQpUDOXWLOLVpVFRPPHKpWpURpOpPHQWSLpJpDXVHLQGHODPDWULFH
LQRUJDQLTXH ,O H[LVWH TXHOTXHV H[HPSOHV R FHV pOpPHQWV VH FRPSRUWHQW FRPPH GHV
pOHFWURSKLOHV FODVVLTXHV .XUDVKLQD HW DO RQW UpXVVL j REWHQLU OH FRPSOH[H
>^Į3:26L2`2@ j SDUWLU G ¶XQH VROX WLRQ G H ^Į3:` j ODTXHOOH HVW
DGGLWLRQQpH 6L&O ILJXUH  ,O HQ UpVXOWH XQ WULPqUH FRPSRVp GH WURLV VRXVXQLWpV
PRQRYDFDQFDWHVRFKDTXHPRQRPqUHHVWFRQQHFWpjVRQYRLVLQSDUXQSRQW6L26L

)LJXUH5HSUpVHQWDWLRQSRO\pGULTXHGXWULPqUH>^Į3:26L2`2@
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E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&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV


'¶DXWUHVpOpPHQWVGXEORFS$O*D6Q*H«SHXYHQWHQWUHUGDQV OD IRUPDWLRQGH320V
PDLV FHX[FL VRQW JpQpUDOHPHQW DVVRFLpV j XQH IRQFWLRQ RUJDQLTXH GpWDLOOp GDQV OD SDUWLH
VXLYDQWH,E
x (VSqFHVLQFRUSRUDQWGHVpOpPHQWVGXEORFI
/HVpOpPHQWVGXEORFIVRQWWUqVR[RSKLOHVHWVRQWGRQFLGpDX[SRXUIRUPHUGHVFOXVWHUVDYHF
OHV320VTXLSRVVqGHQWXQJUDQGQRPEUHG¶DWRPHVG¶R[\JqQHQXFOpRSKLOHV,OHVWGRQFFRXUDQW
GHUHWURXYHUOHVPrPHVWRSRORJLHVGLPqUHVWULPqUHVWpWUDPqUHV«/HXUVPXOWLSOHVPRGHV
GHFRRUGLQDWLRQOHXUSHUPHWWHQWGHV¶DGDSWHUIDFLOHPHQWjODJpRPpWULHGHVODFXQHVGHV320V
YDFDQWV ,O HVW PrPH SRVVLEOH G¶REWHQLU XQ GLPqUH j SDUWLU GH O¶LVRSRO\R[RPpWDOODWH GH
/LQGTXLVWPRQRYDFDQWFRPPHO¶DUDSSRUWp$OPHLGD3D]HWDODYHFOHODQWKDQH'HSOXVOHV
GLPqUHV SHXYHQW rWUH OLpV HQWUH HX[ SDU XQ RX GHX[ DWRPHV GX EORF I TXH FH VRLW SRXU OHV
VWUXFWXUHVGH.HJJLQFRPPHFHOOHVGH'DZVRQ/DILJXUHSUpVHQWHTXHOTXHVVWUXFWXUHVGH
320VVXEVWLWXpVSDUOHVODQWKDQLGHV

)LJXUH5HSUpVHQWDWLRQSRO\pGULTXHGHFRPSOH[HVVXEVWLWXpVSDUGHVODQWKDQLGHV
D>/X6L:2@E>&HĮ3:2+@F>3:2+:2&H+2@
I.1.3.b. Polyoxométallates hybrides incorporant une fonction organique 
/¶DVVRFLDWLRQG¶XQHIRQFWLRQRUJDQLTXHjXQ320SHXWFRQGXLUHjXQHIIHWGHV\QHUJLHHQWUH
OHVGHX[FRPSRVDQWHVLQRUJDRUJDQLTXH(QHIIHWLOVHPEOHLQWpUHVVDQWGHSRXYRLUDSSRUWHUGH
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
QRXYHOOHVIRQFWLRQQDOLWpVDX[320VYLDFHWWHSDUWLHRUJDQLTXHTXLYLHQQHQWV¶DMRXWHUj OHXUV
SURSULpWpVLQWULQVqTXHVSDUH[HPSOHSRXUOHGpS{WVXUVXUIDFHODUHFRQQDLVVDQFHFHOOXODLUH
RXHQFRUHDSSRUWHUGHVSURSULpWpVRSWLTXHV
'HX[YRLHVGHV\QWKqVHVGHFHVFRPSRVpVK\EULGHVH[LVWHQWODIRQFWLRQQDOLVDWLRQGLUHFWHTXL
FRQVLVWH j YHQLU JUHIIHU OD IRQFWLRQ RUJDQLTXH VXU OH 320 HW OD SRVWIRQFWLRQQDOLVDWLRQ TXL
FRQVLVWHjDVVHPEOHUOHVV\VWqPHVpWDSHVSDUpWDSHVMXVTX¶jODIRQFWLRQQDOLVDWLRQILQDOHILJXUH
,OHVWSRVVLEOHGHIRQFWLRQQDOLVHUGLUHFWHPHQWOHV320VSDUXQHIRQFWLRQRUJDQLTXHHQ
XWLOLVDQWQRWDPPHQWGHVJURXSHPHQWVELVWULVDOFRROV

)LJXUH)RQFWLRQQDOLVDWLRQGLUHFWHYVSRVWIRQFWLRQQDOLVDWLRQGH320VILJXUHLVVXHGHOD
UpIpUHQFH

/HVSRO\R[RPRO\EGDWHVGHW\SH$QGHUVRQHQ VRQWXQH[HPSOHHWSUpVHQWHQW O¶RULJLQDOLWpGH
SRXYRLUIRUPHUGHVPROpFXOHVGLVV\PpWULTXHVHQIRQFWLRQQDOLVDQWFKDTXHF{WpGX320HQGHX[
pWDSHVGLVWLQFWHV&¶HVWGHFHWWHPDQLqUHTXHVRQWREWHQXVGHVFRPSRVpVjEDVHGHVSLURS\UDQHV
63HWGHVSLURQDSKWR[D]LQHV61OLpVGHPDQLqUHFRYDOHQWHDX320ILJXUH/DULFKHVVH
GHVSURSULpWpVSKRWRFKURPHVHWpOHFWURFKURPHVGHFHVFRPSRVpVDpWpPLVHQpYLGHQFH
/DIRQFWLRQQDOLVDWLRQGLUHFWHQHVHOLPLWHSDVDX[320VGHW\SH$QGHUVRQSXLVTXH3UDGHHSHW
DO RQW UpXVVL OH JUHIIDJH VXU XQ 320 GH W\SH 'DZVRQ ^3:9` /¶XWLOLVDWLRQ G¶XQ
SRO\R[RWXQJVWDWH VXEVWLWXp DX YDQDGLXP V¶H[SOLTXH SDU OH IDLW TXH OH YDQDGLXP SHUPHW GH
IRUPHU GHV OLDLVRQV FRYDOHQWHV SOXV IDFLOHPHQW ,OV REWLHQQHQW GHV FRPSRVpV GX W\SH >;
&&+23:92@R; 1+12&+ILJXUH
&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV



)LJXUH5HSUpVHQWDWLRQVHPLSRO\pGULTXHGHV320VK\EULGHVGHW\SH$QGHUVRQD
>0Q0R263@E>0Q0R261@F>0Q0R26361@

)LJXUH*UHIIDJHG¶XQWULVDONR[RVXUOH320'DZVRQ^Į3:9`
/D IRQFWLRQQDOLVDWLRQGHVSRO\R[RPpWDOODWHVSDUGHV IRQFWLRQVRUJDQLTXHVSHUPHWpJDOHPHQW
G¶REWHQLUGHVVWUXFWXUHVPLFHOODLUHVGDQVOHFDVGHV\VWqPHVK\EULGHVDPSKLSKLOHV&¶HVWSDU
H[HPSOH OH FDV GX GLPqUH ^3:9` SRQWpVSDU XQ OLJDQG ELVWULRO TXL YD IRUPHU GHV
YpVLFXOHVHQPLOLHXDFpWRQHHDXHQSUpVHQFHGHVFRQWUHLRQVWpWUDEXW\ODPPRQLXP7%$/HV
320VYRQWFRQVWLWXHU OHVGHX[SDURLVLQWpULHXUHHWH[WpULHXUHGH ODFRXURQQHWDQGLVTXH OH
OLJDQGHWOHFRQWUHLRQYRQWIRUPHUODSDUWLHK\GURSKREHILJXUH
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
)LJXUH)RUPDWLRQGHYpVLFXOHVjSDUWLUGH>3:922&+&&+@ILJXUHLVVXHGHODUpIpUHQFH

I.1.3.c. Autres systèmes mixtes 
2XWUH OD IRQFWLRQQDOLVDWLRQ GH 320V SDU GHV IRQFWLRQV RUJDQLTXHV LO H[LVWH GH QRPEUHX[
V\VWqPHVPL[WHVIDLVDQWHQWUHUHQMHX[OHVSRO\R[RPpWDOODWHV
x $VVHPEODJH320HQWLWpVWKLRPRO\EGLTXHV
/HVV\VWqPHVFRPSRUWDQWGHVPpWDX[GHWUDQVLWLRQHWGHVHQWLWpVVRXIUpHVVRQWWUqVpWXGLpVFDU
LOVSRVVqGHQWG¶H[FHOOHQWHVSURSULpWpVFDWDO\WLTXHV ,OV VRQWHQJDJpVGDQVGHVSURFHVVXVGH
WUDQVIHUWG¶pOHFWURQVHWGHSURWRQVHWVRQWVRXYHQWUHWURXYpVGDQVOHVVLWHVDFWLIVGHPROpFXOHV
ELRORJLTXHV/¶pTXLSH6ROLGHV0ROpFXODLUHVGHO¶,QVWLWXW/DYRLVLHUGH9HUVDLOOHVpWXGLHGHSXLV
SOXVLHXUVDQQpHVO¶DVVHPEODJHGH320VDYHFGHVpOHFWURSKLOHVVRXIUpVHWQRWDPPHQWDYHFOHV
EULTXHV>0R26+2@HW>0R6+2@ILJXUH

)LJXUH5HSUpVHQWDWLRQVWUXFWXUDOHGHVHQWLWpVR[RWKLRPRO\EGLTXHVD^0R26`
E^0R6`
/¶HQWLWp>0R26+2@HVWIRUPpHGHGHX[DWRPHVGHPRO\EGqQHUHOLpVHQWUHHX[SDU
GHX[SRQWVVXOIXUHV/¶DVVHPEODJHGHFHWWHHQWLWpDYHFOHVSRO\R[RPpWDOODWHVSHUPHWG¶REWHQLU
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0R
2
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
XQHIIHWGHV\QHUJLHHWDLQVLFUpHUGHVPDWpULDX[DX[SURSULpWpVVWUXFWXUDOHVHWpOHFWURQLTXHV
LQpGLWHV (Q HIIHW XQ H[HPSOH FRQFUHW HVW OH JUHIIDJHGX IUDJPHQW ^0R26` VXU O¶HVSqFH
ODFXQDLUH >%Į$V:2@ (Q IRQFWLRQ GH OD QDWXUH GX FRQWUH LRQ XWLOLVp ORUV GH OD
SUpFLSLWDWLRQGXSURGXLWILQDOHWGHODWHPSpUDWXUHODPRGXODULWpGHODVWUXFWXUHIRUPpHSHXWrWUH
FRQWU{OpH $LQVL DYHF OHV PrPHV UpDFWLIV GH GpSDUW GDQV GHV FRQGLWLRQV GH V\QWKqVHV WUqV
SURFKHVLOHVWSRVVLEOHG¶REWHQLUXQGLPqUHXQWpWUDPqUHHWPrPHXQKH[DPqUHILJXUH

)LJXUH5HSUpVHQWDWLRQVHPLSRO\pGULTXHGHVFRPSOH[HVD>$V:20R26@
E>$V:20R26@F>$V:20R26@
/DVHFRQGHHQWLWp^0R6`HVWXWLOLVpHGDQVODIRUPDWLRQGHFRPSOH[HVGHFRRUGLQDWLRQGXIDLW
GHVDUpDFWLYLWpDYHFXQJUDQGQRPEUHGHPpWDX[GHWUDQVLWLRQ&HFRPSRVpGLWSVHXGRFXERwGDO
SRVVqGHWURLVDWRPHVGHPRO\EGqQHVXVFHSWLEOHVGHUpDJLUDYHFGHVOLJDQGVDX[SURSULpWpVWUqV
GLYHUVHV DTXR DPLQR K\GUXUH KDORJpQXUH« 'H QRPEUHX[ FRPSRVpV LQFRUSRUDQW FHWWH
EULTXH ^0R6` RQW pWp LVROpV GHSXLV TXHOTXHV DQQpHV± /D FRPELQDLVRQ GX IUDJPHQW
^0R6` DYHF GHV 320V WULYDFDQWV PqQH YHUV OD FUpDWLRQ GH FRPSRVpV LQpGLWV GX W\SH
>+$V:20R60+2@0 1L3GROHF°XUHVWVWDELOLVpSDUTXDWUHFOXVWHUV
^$V:`YLDGHV OLDLVRQV K\GURJqQHVGHV LQWpUDFWLRQVpOHFWURVWDWLTXHVHW OD IRUPDWLRQG¶XQH
OLDLVRQPpWDOPpWDOHQWUHOHVDWRPHVGHSDOODGLXPRXGHQLFNHO/¶HQWLWpHVWpJDOHPHQWFDSDEOH
G¶LQWpJUHU XQ 320 GH W\SH 'DZVRQ ^;:` ;   $V,,, 6E,,, 7H,9 HQ VXEVWLWXDQW XQ
JURXSHPHQW^:2`HWIRUPHUDLQVLOHVHVSqFHV>;Q:0R6+22@Q
x 6\VWqPHVK\EULGHVpWHQGXVOHV3202)V
/HV 320V SUpVHQWDQW SOXVLHXUV VLWHV GH FRRUGLQDWLRQ FRQQHFWpV HQWUH HX[ SDU GHV OLJDQGV
RUJDQLTXHV PXOWLGHQWDWHV UHSUpVHQWHQW XQH IDPLOOH SDUWLFXOLqUH GH UpVHDX[ pWHQGXV K\EULGHV
DSSHOpH3202)V&HVVROLGHVRQWXQHVWUXFWXUHTXLV¶DSSDUHQWHjFHOOHVGHVVROLGHVK\EULGHV
PLFURSRUHX[GHW\SH02)0HWDO2UJDQLF)UDPHZRUNV/HVDSSOLFDWLRQVGHFHVPDWpULDX[
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
YLVHQWQRWDPPHQWOHVWRFNDJHGHJD]RXODFDWDO\VH/HVXQLWpVSRO\DQLRQLTXHVDLQVLFRQQHFWpHV
IRUPHQWDXILQDOXQUpVHDXELRXWULGLPHQVLRQQHO/DILJXUHSUpVHQWHTXHOTXHVH[HPSOHVGH
GLIIpUHQWVUpVHDX[SRVVLEOHVREWHQXV±

)LJXUH5HSUpVHQWDWLRQVHPLSRO\pGULTXHGH3202)V'
D^$J¶ELS\¶ELS\`^$J¶ELS\`^$J¶ELS\`>$O:2@ILJXUHLVVXHGHODUpIpUHQFHE^>1L2++2HQ3:2@>1L2++2HQ3:2@%'&`
ILJXUHLVVXHGHODUpIpUHQFHHW'F>30R22+^/D+2`WULP@ILJXUHLVVXHGHODUpIpUHQFH
ELS\ ELS\ULGLQHHQ pWK\OqQHGLDPLQH%'& DFLGHEHQ]qQHGLFDUER[\OLTXHWULP
 WULPHVDWH

x /HV.HSOHUDWHVHWDXWUHVSRO\R[RPRO\EGDWHV©JpDQWVª
/HV SRO\R[RPRO\EGDWHV OHV SOXV VSHFWDFXODLUHV VRQW OHV FOXVWHUV ©JpDQWVª V\QWKpWLVpV SDU
O¶pTXLSH GH $FKLP 0OOHU HW FRQVWLWXHQW SOXV JpQpUDOHPHQW OHV V\VWqPHV GH SOXV KDXWH
QXFOpDULWpFRQQXV7RXWHVFHVHVSqFHVSRVVqGHQWHQFRPPXQXQHEULTXHpOpPHQWDLUHFRQVLVWDQW
HQXQDWRPH0R9,FHQWUDOHQHQYLURQQHPHQWELS\UDPLGHSHQWDJRQDOHHQWRXUpSDUFLQT0R9,HQ
HQYLURQQHPHQWRFWDpGULTXHILJXUH/DUpDFWLYLWpGHFHWWHHQWLWpVHORQOHVFRQGLWLRQVFRQGXLW
j GHV SRO\R[RPRO\EGDWHV GH WUqV KDXWH QXFOpDULWp HW GH IRUPHV WUqV YDULpHV QRWDPPHQW OD
VSKqUH GLWH .HSOHUDWH >^0R9,0R9,`^0`@ 0   )H,,, &U,,, 0R92+2
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
0R922$F TXL SUpVHQWH XQH UpDFWLYLWp VXSUDPROpFXODLUH GH W\SH ©K{WH ± LQYLWpª
SDUWLFXOLqUHPHQWLQWpUHVVDQWH,OHVWSRVVLEOHSDUH[HPSOHG¶HQFDSVXOHUjO¶LQWpULHXUPrPHGHOD
VSKqUHXQ320GHW\SH.HJJLQ>30R2@RXGHSHWLWHVPROpFXOHVRUJDQLTXHV/HVURXHV
JpDQWHV^0R`^0R`HW^0R`HWOHXUVGpULYpVSHUPHWWHQWGHGpYHORSSHUXQHFKLPLHTXL
SHUPHW O¶pODERUDWLRQ GH V\VWqPHV PL[WHV LQFRUSRUDQW GHV PpWDX[ GH WUDQVLWLRQ RX GHV WHUUHV
UDUHVRXHQFRUHOHSOXVJURV320MDPDLVIRUPp^0R`VXUQRPPp©FLWURQEOHXªHQUDLVRQ
GHVDIRUPHDW\SLTXH


8Q.HSOHUDWHPL[WH:9,0R9DPrPHYXOHMRXUHQGHVWUXFWXUHSDUIDLWHPHQWDQDORJXHj
^0R`jSDUWLUGHODEULTXHSHQWDJRQDOH^ :9,:9,`'HSXLVGHVSRO\R[RWXQJVWDWHVJpDQWV
RQWpWpV\QWKpWLVpVHWUHSUpVHQWHXQGRPDLQHHQSOHLQHH[SDQVLRQ
/HV VWUXFWXUHV GHV V\VWqPHV K\EULGHV QH VH OLPLWHQW SDV j FHV GLIIpUHQWV H[HPSOHV ,O HVW
QRWDPPHQW SRVVLEOH GH V\QWKpWLVHU GHV FRSRO\PqUHV j SDUWLU GH 320V FRPPH O¶D PRQWUp
5XKOPDQQHWDODYHFXQFRSRO\PqUH320GHW\SH$QGHUVRQ±SRUSK\ULQHILJXUH&HV
^0R9,0R9,`
^0R`
^0R` ^0R`
^0R)H`^0R
92` )H
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)LJXUH([HPSOHVGHVWUXFWXUHVGHSRO\R[RPRO\EGDWHVJpDQWV^0R`
^0R)H`^0R`HW^0R`
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PDWpULDX[PRQWUHQWO¶DYDQWDJHGHSRXYRLUUpGXLUHOHVFDWLRQVPpWDOOLTXHVGLUHFWHPHQWjSDUWLU
GHODOXPLqUHGXYLVLEOH

)LJXUH5HSUpVHQWDWLRQGXFRSRO\PqUH320±SRUSK\ULQHILJXUHLVVXHGHODUpIpUHQFH

&HWWH SUpVHQWDWLRQ QH SUpWHQG SDV rWUH H[KDXVWLYH PDLV GRQQH XQ DSHUoX GH OD ULFKHVVH
VWUXFWXUDOHGHVSRO\R[RPpWDOODWHV
I.2.Les polyoxométallates comme précurseurs de synthèse de nano-
objets 
I.2.1. Brève introduction sur les nanostructures 
/HV QDQRSDUWLFXOHV 13V VRQW GHV QDQRREMHWV GRQW OHV WURLV GLPHQVLRQV VRQW j O
pFKHOOH
QDQRPpWULTXH F
HVWjGLUH XQH SDUWLFXOH GRQW OH GLDPqWUH QRPLQDO HVW LQIpULHXU j  QP
HQYLURQRXGRQWDXPRLQVXQHGLPHQVLRQVHVLWXHjO¶pFKHOOHQDQRPpWULTXH/¶KLVWRLUHGHV13V
UHVWH WUqV UpFHQWH PrPH VL DX 0R\HQ$JH HOOHV pWDLHQW QRWDPPHQW XWLOLVpV SRXU FRORUHU OH
YHUUH HW REWHQLU OHV YLWUDX[ SXLVTXH F¶HVW HQ  TXH 5LFKDUG )H\QPDQ pPHW O¶LGpH GH
V¶LQWpUHVVHUjXQGRPDLQHGH UHFKHUFKH MXVTX¶DORUV LQH[SORUp O¶LQILQLPHQWSHWLW$YHFFHWWH
FLWDWLRQORUVGHVRQGLVFRXUVjOD6RFLpWp$PpULFDLQHGH3K\VLTXH©3RXUTXRLQHSRXUULRQV
QRXVSDVpFULUHO
LQWpJUDOLWpGHO
(QF\FORS GLD%ULWDQQLFDVXUXQHWrWHG
pSLQJOH"ªLOVRXOLJQH
DORUV OH IDLW GH SRXYRLU pFULUH XQH WUqV JUDQGH TXDQWLWp G¶LQIRUPDWLRQV VXU GH WUqV SHWLWHV
VXUIDFHV/DSUHPLqUHJUDQGHpWDSHTXLDSHUPLVODGpFRXYHUWHGXPRQGHQDQRPpWULTXHDpWp
O¶LQYHQWLRQGXPLFURVFRSHjHIIHWWXQQHOHWSDUFRQVpTXHQWOHPLFURVFRSHjIRUFHDWRPLTXHHQ
SDUGHX[LQJpQLHXUVG¶,%0*HUG%LQQLJHW+HLQULFK5RKUHUFHTXL OHXUDYDOXOHSUL[
1REHO HQ  /HV FKRVHV VH VRQW UDSLGHPHQW HQFKDLQpHV GHSXLV SXLVTXH OHV IXOOHUqQHV
HWOHVQDQRWXEHVVRXVSURGXLWVGHV\QWKqVHGHVIXOOHUqQHVRQWpWpGpFRXYHUWV
ILJXUHHWF¶HVWjSDUWLUGHVDQQpHVTXHGHVSURFpGpVGHV\QWKqVHVGH13VjWDLOOHV
GpILQLHVRQWYXOHMRXU
&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV



)LJXUH5HSUpVHQWDWLRQVWUXFWXUDOHGXIXOOHUqQH&HWG¶XQQDQRWXEHGHFDUERQHVLPSOHSDURL

/HV13VREpLVVHQWDX[ORLVGHODFKLPLHFROORwGDOH/HVVXVSHQVLRQVRXGLVSHUVLRQVFROORwGDOHV
VRQW LQWHUPpGLDLUHV HQWUH OHV VXVSHQVLRQV SDUWLFXOHV GH WDLOOH VXSpULHXUH j  QP HW OHV
VROXWLRQVYUDLHVSDUWLFXOHVGHWDLOOHLQIpULHXUHjQP
'HPDQLqUHJpQpUDOHODV\QWKqVHGHQDQRSDUWLFXOHVRXFROORwGHVVHIDLWSDUGHX[DSSURFKHV
SRVVLEOHV O¶DSSURFKH ©ERWWRP ± XSª HW O¶DSSURFKH ©WRS ± GRZQª ILJXUH  'DQV OH
SUHPLHU FDV LO V¶DJLW GH IRUPHU OHV QDQRSDUWLFXOHV j SDUWLU GHV DWRPHV FRUUHVSRQGDQW SDU
JHUPLQDWLRQFURLVVDQFHYRLHFKLPLTXHFRQVWUXFWLRQGHODPDWLqUHSDUDVVRFLDWLRQGHEULTXHV
pOpPHQWDLUHV'DQVOHVHFRQGFDVRQSDUWGXPpWDOEUXWPDVVLITXHO¶RQYD©FDVVHUªMXVTX¶j
REWHQWLRQ GH SDUWLFXOHV j WDLOOH QDQRPpWULTXH YRLH SK\VLTXH EUR\DJH DEODWLRQ ODVHU
OLWKRJUDSKLH« $ILQ GH SHUPHWWUH OH FRQWU{OH GH OD WDLOOH HW GH OD PRUSKRORJLH GHV
QDQRSDUWLFXOHV LO HVW QpFHVVDLUH G¶XWLOLVHU XQ VXUIDFWDQW RX WHQVLRDFWLI TXL YD VWDELOLVHU OHV
QDQRSDUWLFXOHV /D VWDELOLVDWLRQ GHV QDQRSDUWLFXOHV SDU OH VXUIDFWDQW SHXYHQW rWUH GLYHUVHV
VWDELOLVDWLRQ VWpULTXH HWRX VWDELOLVDWLRQ pOHFWURVWDWLTXH /H VXUIDFWDQW YD DYRLU GHX[ U{OHV
SRVVLEOHV L OLPLWHU OD FRDOHVFHQFH HW OH PULVVHPHQW G¶2VWZDOG HW LL LQWHUDJLU
VSpFLILTXHPHQW DYHF FHUWDLQHV IDFHV FULVWDOOLQHV SRXU RULHQWHU GLULJHU OD FURLVVDQFH /H
SULQFLSH GH IRUPDWLRQ GH FHV FROORwGHV HVW VLPLODLUH j FHOXL SOXV JpQpUDO GH OD FURLVVDQFH
FULVWDOOLQH

)LJXUH6FKpPDSUpVHQWDQWOHVGHX[W\SHVG¶DSSURFKHVSRXUODV\QWKqVHGHQDQRSDUWLFXOHV

&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV


/¶LPSRUWDQFH GH FRQWU{OHU O¶DVVHPEODJH GHV QDQRVWUXFWXUHV GXUDQW OHXU IRUPDWLRQ HVW
SULPRUGLDOHSRXUREWHQLUOHVSURSULpWpVFKLPLTXHVSK\VLTXHVHWRSWLTXHVYRXOXHV(QHIIHWOD
WDLOOHHWODIRUPHGHFHVPDWpULDX[YRQWMRXHUXQU{OHFOpSRXUO¶DSSOLFDWLRQYLVpH/HVPDWpULDX[
QDQRPpWULTXHV RQW PDLQWHQDQW XQ JUDQG QRPEUH G¶DSSOLFDWLRQV OD PpGHFLQH OH
PDJQpWLVPHOHVELRVHQVHXUVO¶LQIRUPDWLTXHODOLWKRJUDSKLHRXHQFRUHODFDWDO\VH
I.2.2. Synthèses de nanoparticules via des polyoxométallates 
/HVSURSULpWpVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHVGHW\SH.HJJLQHW'DZVRQVXEVWLWXpV
RXQRQRQWpWpIRUWHPHQWpWXGLpV$XVHLQGHV320VOHVFDWLRQVPpWDOOLTXHVVRQWGRQFjOHXU
SOXVKDXWGHJUpG¶R[\GDWLRQ&¶HVWSRXUFHWWHUDLVRQTX¶LOVSHXYHQWrWUHIDFLOHPHQWUpGXLWVORUV
G¶pFKDQJHVUHGR[VDQVTXHOHXUVWUXFWXUHQHVRLWDOWpUpH/HV320VVRQWG¶DLOOHXUVFRQVLGpUHU
FRPPHGHVUpVHUYRLUVG¶pOHFWURQV'HSOXVpWDQWGRQQpODJUDQGHGLYHUVLWpGHVWUXFWXUHVHWGH
FRPSRVLWLRQV GH FHV PDWpULDX[ OHXU FRPSRUWDQW UHGR[ SHXW rWUH KDELOHPHQW FKRLVL SRXU
O¶DSSOLFDWLRQYLVpH&¶HVWjSDUWLUGHFHVFRQVLGpUDWLRQVTX¶LODpWpHQYLVDJpG¶XWLOLVHUOHV320V
j OD IRLV FRPPH UpGXFWHXU HW FRPPH VXUIDFWDQW SRXU OD V\QWKqVH GH QDQRVWUXFWXUHV
PpWDOOLTXHV /HV 320V SUpVHQWHQW SOXVLHXUV pWDWV UHGR[ FRPPH SDU H[HPSOH O¶LRQ
SKRVSKRWXQJVWDWHV GH W\SH .HJJLQ >3:2@ 7RXWHIRLV O¶DXJPHQWDWLRQ GH OD FKDUJH GH
O¶DQLRQSHXWrWUHFRXSOpHDYHFVDSURWRQDWLRQHQPLOLHXDFLGHS+ߙ െ ሾܲ ଵܹଶ ସܱ଴ሿଷି ൅ ݁ି ൌ ߙ െ ሾܲ ଵܹଶ ସܱ଴ሿସି ߙ െ ሾܲ ଵܹଶ ସܱ଴ሿସି ൅ ݁ି ൌ ߙ െ ሾܲ ଵܹଶ ସܱ଴ሿହି ߙ െ ሾܲ ଵܹଶ ସܱ଴ሿହି ൅  ?݁ି ൅ ܪା ൌ ߙ െ ܪሾܲ ଵܹଶ ସܱ଴ሿ଺ି 
,OHVWSRVVLEOHG¶pWDEOLUGHVUHODWLRQVVLPLODLUHVSRXUOHV320VGHW\SH'DZVRQGDQVOHVPrPHV
FRQGLWLRQVGHS+ ߙ െ ሾ ଶܲ ଵ଼ܹܱ଺ଶሿ଺ି ൅ ݁ି ൌ ߙ െ ሾ ଶܲ ଵ଼ܹܱ଺ଶሿ଻ି ߙ െ ሾ ଶܲ ଵ଼ܹܱ଺ଶሿ଻ି ൅ ݁ି ൌ ߙ െ ሾ ଶܲ ଵ଼ܹܱ଺ଶሿ଼ି ߙ െ ሾ ଶܲ ଵ଼ܹܱ଺ଶሿ଼ି ൅  ?݁ି ൅  ?ܪା ൌ ߙ െ ܪଶሾ ଶܲ ଵ଼ܹܱ଺ଶሿ଼ି ߙ െ ܪଶሾ ଶܲ ଵ଼ܹܱ଺ଶሿ଼ି ൅  ?݁ି ൅  ?ܪା ൌ ߙ െ ܪସሾ ଶܲ ଵ଼ܹܱ଺ଶሿ଼ି 
/HVHVSqFHVWXQJVWLTXHVRXPRO\EGLTXHVUpGXLWHVSUpVHQWHQWODSDUWLFXODULWpG¶XQFKDQJHPHQW
GHFRXOHXUTXLWLUHYHUVOHEOHX©KHWHURSRO\EOXHVªRXYHUVOHPDUURQ©KHWHURSRO\EURZQVª
VXLYDQW OH FRPSRUWHPHQW GHV pOHFWURQV LQVpUpV DX VHLQ GH OD VWUXFWXUH GpORFDOLVDWLRQ RX
ORFDOLVDWLRQ
&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV


/DUpGXFWLRQGHVSRO\R[RPpWDOODWHVSRXUODV\QWKqVHGH13VPpWDOOLTXHVSHXWVHIDLUHVRLWSDU
SKRWRFKLPLHDYHFDMRXWG¶XQGRQQHXUG¶pOHFWURQVDFULILFLHOODSOXSDUWGXWHPSVOHSURSDQ
RO±VRLWSDUpOHFWURFKLPLH±RXHQFRUHSDUDFWLRQG¶XQUpGXFWHXUFKLPLTXH$QRWHUTXH
OH320SHXWHQVXLWHrWUHGpJUDGpSDUDMRXWG¶XQHEDVHj ODVROXWLRQ7URXSLVHWDORQWpWp
SDUPLOHVSUHPLHUVjV\QWKpWLVHUGHVQDQRSDUWLFXOHVGHPpWDX[QREOHV3W$J$X3GSDU
DFWLRQG¶XQ320UpGXLWSKRWRFKLPLTXHPHQW/HXUWHFKQLTXHHVWVLPSOHOH320HQVROXWLRQ
HVWUpGXLWSDULUUDGLDWLRQ89YLVLEOHTXLHVWHQVXLWHPpODQJpjXQHVROXWLRQFRQWHQDQWOHFDWLRQ
PpWDOOLTXH $X VHLQ GH FH PpODQJH GHV UpDFWLRQV UHGR[ YRQW VH SURGXLUH HW FRQGXLUH j OD
IRUPDWLRQGHQDQRSDUWLFXOHVPpWDOOLTXHVSDUUpGXFWLRQGXFDWLRQPpWDOOLTXHHQSDUDOOqOHjOD
UpR[\GDWLRQGX320O¶LUUDGLDWLRQSHXWpJDOHPHQWVHIDLUHVXUXQHVROXWLRQFRQWHQDQWWRXVOHV
UpDFWLIV320PpWDOHWLVRSURSDQRO
KȞ320R[\Gp&+&+2+ĺ320UpGXLW&+& 2+
320UpGXLW0Qĺ320R[\Gp0
 20 PpWDO
0DQGDOHWDOVRQWPrPHDOOpSOXVORLQSXLVTX¶LOVRQWFUppGHVQDQRSDUWLFXOHVELPpWDOOLTXHVGH
W\SHFRUH#VKHOOSDUXQHVHFRQGH LUUDGLDWLRQGX320HWXQPpODQJHDYHFXQHVROXWLRQG¶XQ
DXWUHFDWLRQPpWDOOLTXHFUpDQWDLQVLGHV13V$X#$JILJXUH
/DV\QWKqVHGHQDQRSDUWLFXOHVPpWDOOLTXHVSDU UpGXFWLRQpOHFWURFKLPLTXH SDUFRXORPpWULHj
SRWHQWLHOFRQWU{OpRX&3&RXHQFRUHpOHFWURO\VHGX320HVWWUqVFRXUDPPHQWXWLOLVpHGHSXLV
SXLVTXHO¶pOHFWURO\VHV¶HVWUpYpOpHrWUHXQHWHFKQLTXHWUqVHIILFDFHSRXUODUpGXFWLRQGH
FRPSRVpVjGLIIpUHQWVpWDWVG¶R[\GDWLRQ/DWHFKQLTXHGHV\QWKqVHGHVQDQRSDUWLFXOHVHVWWRXW
DXVVLVLPSOHXQHIRLVOH320HQVROXWLRQUpGXLWSDUpOHFWURO\VHLOHVWPpODQJpjXQHVROXWLRQ
FRQWHQDQW OH FDWLRQ PpWDOOLTXH /HV UpDFWLRQV UHGR[ HQWUH OH 320 HW OH FDWLRQ PpWDOOLTXH
GRQQHQWQDLVVDQFHDX[QDQRSDUWLFXOHVPpWDOOLTXHVVWDELOLVpHVSDUOH320
&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV




/HVGLIIpUHQWHVWDLOOHVHWPRUSKRORJLHVGHVQDQRSDUWLFXOHVSHXYHQWYDULHUIRUWHPHQWHQMRXDQW
VXUOHVSURSRUWLRQVGH320VGHFDWLRQVPpWDOOLTXHVGHVROYDQW«ILJXUH/¶LPSRUWDQFH
GHFRQWU{OHUODWDLOOHHWODIRUPHGHV13VHVWSULPRUGLDOHSRXUSRXYRLURSWLPLVHUOHVSURSULpWpV
GH FHV PDWpULDX[ HW UHQGUH OHXU IRUPDWLRQ UHSURGXFWLEOH ,O D pWp UpFHPPHQW PRQWUp TXH OH
FRQWUHLRQGX320SHXWpJDOHPHQWMRXHUXQU{OHLPSRUWDQW(3DSDFRQVWDQWLQRXDUpXVVLj
FRQWU{OHU OD WDLOOHHW ODSRO\GLVSHUVLWpGH13VG¶$JVWDELOLVpHVSDUXQ320HQ MRXDQWVXU OD
YLWHVVHGHUpGXFWLRQGXFDWLRQ$J(QHIIHWHQDXJPHQWDQWODYLWHVVHGHUpGXFWLRQGXFDWLRQ
PpWDOOLTXHLODREWHQXGHVQDQRSDUWLFXOHVSOXVSHWLWHVHWXQLIRUPHV&HWWHYLWHVVHGHUpGXFWLRQ
GHV FDWLRQV PpWDOOLTXHV SOXV pOHYpH HVW REWHQXH HQ DXJPHQWDQW OD FRQFHQWUDWLRQ LQLWLDOH HQ
320V RX HQ XWLOLVDQW XQ 320 DYHF GHV SRWHQWLHOV GH UpGXFWLRQ SOXV QpJDWLIV $ O¶LQYHUVH
O¶DXJPHQWDWLRQGHODFRQFHQWUDWLRQHQFDWLRQV$JYDHQWUDLQHUODIRUPDWLRQGHSDUWLFXOHVSOXV
JURVVHV WDEOHDX  2Q UHPDUTXH GRQF WUqV YLWH O¶LPSRUWDQFH GX U{OH GHV FRQFHQWUDWLRQV GH
FKDTXHHVSqFH8QIDFWHXUȖYDGRQFrWUHFRXUDPPHQWXWLOLVpGDQVODOLWWpUDWXUHGpILQLFRPPH
OHUDSSRUWHQWUHOHVFRQFHQWUDWLRQVLQLWLDOHVGXFDWLRQPpWDOOLTXHHWGX320
ߛ ൌ ሾܯ௡ାሿሾܱܲܯሿ

)LJXUH6FKpPDGHV\QWKqVHGHV13VFRUH#VKHOO$X#$JjO¶DLGHG¶XQ320GHW\SH
.HJJLQ37$SKRVSKRWXQJVWLFDFLGILJXUHLVVXHGHODUpIpUHQFH

&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV



D

E

F

G

H

I
)LJXUH0RUSKRORJLHVREWHQXHVSDU7(0GH13VPpWDOOLTXHVREWHQXHVYLDXQ320
UpGXLWD13VG¶RUE13VGHSODWLQHILJXUHVLVVXHVGHODUpIpUHQFHFQDQRILOV
G¶DUJHQWG$J#320ILJXUHVLVVXHVGHODUpIpUHQFHH$X#$JILJXUHLVVXHGHOD
UpIpUpQFHHWIQDQRFXEHVG¶RUILJXUHLVVXHGHODUpIpUHQFH


&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV


7DEOHDX7DLOOHVPR\HQQHVGH13VG¶DUJHQWHQIRQFWLRQGHODFRQFHQWUDWLRQLQLWLDOHHQ320HW
HQ$JWDEOHDXLVVXGHODUpIpUHQFH
>6L:2@0 >$J@0 'LDPrWUHGHV13VQP
&RHIILFLHQWGH
YDULDWLRQ
   
   
   
   
   
   
'LDPqWUHPR\HQREWHQXVXUFRPSWDJHG¶HQYLURQSDUWLFXOHVGHVLPDJHV7(0FRUUHVSRQGDQWHV
pFDUWW\SHUHODWLI pFDUWW\SHPR\HQQH

/¶DVVHPEODJH32013VSHXWpJDOHPHQWrWUHREWHQXSDUXQpFKDQJHGHOLJDQGORUVG¶XQHpWDSH
SRVWV\QWKpWLTXH(QHIIHWLOHVWSRVVLEOHGH©UHPSODFHUªOHOLJDQGVXUIDFWDQWGHVROXWLRQVGH
QDQRSDUWLFXOHVPpWDOOLTXHVSDUXQ320&¶HVWDLQVLTXH(UQVWHWDORQWREWHQXGHV13VG¶RU
VWDELOLVpHVSDU30R2SDU UpDFWLRQHQVROXWLRQDFLGHHQWUH OH320HWXQHVROXWLRQGDQV
O¶KH[DQH GH 13V G¶RU SURWpJpHV SDU GH O¶KH[DQHWKLRO GH  QP GH GLDPqWUH 'H SOXV FHW
pFKDQJHQ¶DHQULHQPRGLILpODWDLOOHGHVQDQRSDUWLFXOHV/LFDHWDORQWpJDOHPHQWXWLOLVpFHWWH
PpWKRGHSRXUREWHQLUGHV13VG¶$JVWDELOLVpHVSDUĮ6L:2HWĮ3:2jSDUWLUG¶XQH
VROXWLRQFROORwGDOHGHQDQRSDUWLFXOHVG¶DUJHQWVWDELOLVpHVSDUGXFLWUDWH,OVRQWQRWDPPHQWSX
VXLYUHO¶pYROXWLRQGHO¶pFKDQJHJUkFHjODVSHFWURVFRSLH89YLVLEOHYRLUSDUDJUDSKH,
,O H[LVWH pJDOHPHQW TXHOTXHV H[HPSOHV GH V\QWKqVHV SOXV H[RWLTXHV FRPPH SDU H[HPSOH OD
IRUPDWLRQGHQDQRSDUWLFXOHVGHSODWLQHSDUV\QWKqVHDX[PLFURRQGHV

I.2.3. Photochimie des polyoxométallates 
/DSKRWRFKLPLHHVWXQHGHVSULQFLSDOHVWHFKQLTXHVXWLOLVpHSRXUODIRUPDWLRQGHQDQRSDUWLFXOHV
GHPpWDX[QREOHVjSDUWLUGHSRO\R[RPpWDOODWHV$ILQGHPLHX[FRPSUHQGUHOHVSKpQRPqQHV
HQWUDQWHQMHXDXFRXUVGHO¶LUUDGLDWLRQGHVSRO\R[RPpWDOODWHV LOHVW LPSRUWDQWG¶pWXGLHU OHXU
FRPSRUWHPHQWSKRWRFKLPLTXH
/H SUHPLHU j DYRLU PLV HQ DYDQW OD SKRWRVHQVLELOLWp GHV 320V HQ SUpVHQFH G¶XQ DJHQW
UpGXFWHXUHVW05LQGOHQ7RXWHIRLV LOpWDLWGLIILFLOHjFHWWHpSRTXHGHFRQQDLWUHOD
&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV


QDWXUHGX320UpGXLWDLQVLREWHQX,ODIDOOXDWWHQGUHR/&KDONOH\DPLVHQDYDQWO¶pWDW
GH UpGXFWLRQ GX +3:2 SDU UpDFWLRQ DYHF GX QLWUDWH G¶DUJHQW SXLVTX¶LO D REVHUYp OD
IRUPDWLRQG¶DUJHQWPpWDOOLTXHVXLWHjODUpGXFWLRQGHVLRQV$JSDUOH320SKRWRUpGXLW,O
UHPDUTXHTX¶XQHPROpFXOHGH320UpGXLWXQDWRPHG¶DUJHQWHWHQFRQFOXWTXHOH320DYDLW
GRQFpWp UpGXLWjXQpOHFWURQ ,O D IDOOXHQVXLWHDWWHQGUH OHGpEXWGHVDQQpHVSRXUYRLU
DSSDUDLWUH O¶XWLOLVDWLRQ GH 320 UpGXLW SDU SKRWRFKLPLH SRXU OD V\QWKqVH GH QDQRSDUWLFXOHV
PpWDOOLTXHV ( 3DSDFRQVWDQWLQRX HVW G¶DLOOHXUV XQ GHV SOXV LPSRUWDQWV DFWHXUV VXU O¶pWXGH
SKRWRFKLPLTXHGHVSRO\R[RPpWDOODWHVHWQRWDPPHQWOHXUFDSDFLWpjUpGXLUH OHVFDWLRQV
PpWDOOLTXHV$J,3G,,3W,,$X,,,«SRXUODIRUPDWLRQGHVQDQRSDUWLFXOHVGHPpWDX[QREOHV
,ODpJDOHPHQWPLVHQDYDQWODFDSDFLWpGHFHV320VSRXUSHUPHWWUHODUpFXSpUDWLRQGHPpWDX[
ORXUGVDYHFXQHFHUWDLQHVpOHFWLYLWp±
/D YLWHVVH HW O¶pWDW GH UpGXFWLRQ GX 320 REWHQX SDU SKRWRFKLPLH YRQW rWUH GpWHUPLQpV SDU
SOXVLHXUVIDFWHXUVILJXUHOHS+GHODVROXWLRQOHGRPDLQHGHORQJXHXUG¶RQGHGDQVOHTXHO
O¶LUUDGLDWLRQHVWHIIHFWXpH ODFRQFHQWUDWLRQ LQLWLDOHHQ320 ODFRQFHQWUDWLRQHW ODQDWXUHGX
GRQQHXU G¶pOHFWURQ VDFULILFLHO« /¶XWLOLVDWLRQ G¶DOFRROV SULPDLUHV PpWK\O pWK\O RX SURS\O
FRPPH GRQQHXU G¶pOHFWURQ VDFULILFLHO YRQW FRQGXLUH j OD IRUPDWLRQ GHV DOGpK\GHV
FRUUHVSRQGDQW (Q UHYDQFKH O¶XWLOLVDWLRQ G¶DOFRROV VHFRQGDLUH FRPPH O¶LVRSURSDQRO YD
FRQGXLUHj OD IRUPDWLRQGH ODFpWRQHFRUUHVSRQGDQWH,OHVWSRVVLEOHGHVXLYUH O¶pYROXWLRQGH
O¶R[\GDWLRQGHFHVDOFRROVSDUFKURPDWRJUDSKLHHQSKDVHJD]QRWDPPHQW

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
)LJXUH9DULDWLRQGXWDX[GHIRUPDWLRQGH30RSDUSKRWRUpGXFWLRQGH30RDHQ
IRQFWLRQGXS+EHQIRQFWLRQGHODFRQFHQWUDWLRQLQLWLDOHGH30RSRXUGLIIpUHQWHV
FRQFHQWUDWLRQVG¶LVRSURSDQROFHQIRQFWLRQGHODORQJXHXUG¶RQGHILJXUHVLVVXHVGHOD
UpIpUHQFH

&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV


7 <DPDVH V¶HVW IRUWHPHQW FRQFHQWUp VXU O¶pWXGH SKRWRFKLPLTXH G¶KHSWDPRO\EGDWHV G¶DON\O
DPPRQLXPGHW\SH51+0R2FHTXL O¶DFRQGXLWDSURSRVpXQPpFDQLVPH LPSOLTXDQW
GHV UDGLFDX[K\GUR[\/HPpFDQLVPHGHSKRWRUpGXFWLRQG¶XQ320GH W\SH WXQJVWDWH
SULQFLSDOHPHQWHQXWLOLVDQWO¶LVRSURSDQROSHXWrWUHUpVXPpGHODPDQLqUHVXLYDQWHܱܲܯ௡ି ௛జሱሮ ܱܲܯכ௡ି ܱܲܯכ௡ି ௞షభሱሮ ܱܲܯ௡ି ܱܲܯכ௡ି ൅ ܯ݁ଶܥܪܱܪ ௞ೂሱሮ ܱܲܯሺ௡ାଵሻି ൅ ܯ݁ଶܥሶܱܪ ൅ܪା ܱܲܯ௡ି ൅ ܯ݁ଶܥሶܱܪ ௞ೃሱሮ ܱܲܯሺ௡ାଵሻି ൅ ܯ݁ଶܥܱ ൅ܪା ܱܲܯሺ௡ାଵሻି ൅ ܯ݁ଶܥሶܱܪ ՜ ܱܲܯሺ௡ାଶሻି ൅ ܯ݁ଶܥܱ ൅ܪା ܱܲܯሺ௡ାଶሻି ൅ ܱܲܯ௡ି ՜  ?ܱܲܯሺ௡ାଵሻି 
/¶DFWLRQGHO¶LUUDGLDWLRQOXPLQHXVHFRQGXLWGRQFjXQpWDWH[FLWpIRUWHPHQWR[\GDQWGX320
TXLYDGRQFR[\GHUO¶LVRSURSDQROHQUDGLFDODOFRROSXLVHQDFpWRQH(QSDUDOOqOHLO\DIRUPDWLRQ
GX320UpGXLWjXQpOHFWURQDLQVLTXHGHSURWRQV
/¶pWXGHFLQpWLTXHGHODUpGXFWLRQG¶XQ320SDUYRLHSKRWRFKLPLTXHHQSUpVHQFHG¶LVRSURSDQRO
VHUDQRWDPPHQWGpWDLOOpHHWXWLOLVpHGDQVOHFKDSLWUH,,,

I.2.4. Méthodes de caractérisation des systèmes nanométriques 
/¶XQHGHVPHLOOHXUHVPpWKRGHVGHFDUDFWpULVDWLRQUDSLGHGHFHVQDQRSDUWLFXOHVHQGHKRUVGHOD
PLFURVFRSLHpOHFWURQLTXHHVWODVSHFWURVFRSLH89YLVLEOH(QHIIHWOHV13VGHPpWDX[QREOHV
SUpVHQWHQWODSDUWLFXODULWpGHPRQWUHUXQHEDQGHSODVPRQRXHQFRUH63%SRXUVXUIDFHSODVPRQ
EDQG RX 635 SRXU VXUIDFH SODVPRQ UHVRQDQFH ILJXUH  &H SKpQRPqQH HVW OLp j OD
SUpVHQFHG¶RVFLOODWLRQVFROOHFWLYHVGHVpOHFWURQVGHFRQGXFWLRQOHVSODVPRQVHWFRUUHVSRQGj
XQHEDQGHG¶DEVRUSWLRQGDQVOHYLVLEOH&HWWHEDQGHSODVPRQHVWFDUDFWpULVWLTXHGHODSUpVHQFH
GH SDUWLFXOHV j WDLOOHV QDQRPpWULTXHV DX VHLQ GH O¶pFKDQWLOORQ SLF j a  QP SRXU OHV
QDQRSDUWLFXOHV G¶RU HW a  QP SRXU O¶DUJHQW GDQV OH FDV GH SDUWLFXOHV VSKpULTXHV
PRQRGLVSHUVHVGHWDLOOHQP/HSODWLQHHWOHSDOODGLXPHQUHYDQFKHQHSUpVHQWHQWSDVXQ
SLFELHQGpILQLPDLVDIILFKHXQFKDQJHPHQWGHSHQWHGDQV OHGRPDLQHGXYLVLEOHpJDOHPHQW
FRQVLGpUpFRPPHXQH63%HWTXLHVWFDUDFWpULVWLTXHGHVQDQRSDUWLFXOHV3WRX3G/DWDLOOH
&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV


OD IRUPH O¶pWDW G¶DJJORPpUDWLRQ GHV 13V VRQW DXWDQW GH SDUDPqWUHV TXL YRQW MRXHU VXU
O¶HPSODFHPHQWHWO¶DOOXUHGHOD63%±

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
)LJXUH'LIIpUHQWVVSHFWUHV89YLVLEOHD63%W\SLTXHGHQDQRSDUWLFXOHVGHPpWDX[
QREOHVFROO FROORLGDOILJXUHLVVXHGHODUpIpUHQFHELQIOXHQFHGHODWDLOOHGH
QDQRSDUWLFXOHVG¶RUVXUOD63%ILJXUHLVVXHGHODUpIpUHQFHFLQIOXHQFHGHODGLVWDQFH
LQWHUSDUWLFXODLUHGH13VG¶RUVXUOD63%ILJXUHLVVXHGHODUpIpUHQFH

/DGLIIUDFWLRQGHV UD\RQV;VXUSRXGUHSHUPHWpJDOHPHQWG¶DYRLUXQHVLJQDWXUHFODLUHGH OD
SUpVHQFHGHQDQRSDUWLFXOHVGHPpWDX[QREOHVILJXUH(QHIIHWXQPpWDOFULVWDOOLVpSURGXLW
XQ GLIIUDFWRJUDPPH SURSUH DYHF GHV SLFV GH GLIIUDFWLRQ FRUUHVSRQGDQW j FHUWDLQV SODQV
UpWLFXODLUHVHWFDUDFWpULVpSDUVRQDQJOHGHGLIIUDFWLRQORLGH%UDJJ3DUH[HPSOH OHVSODQV
HWGH3GVRQWVLWXpVjHWUHVSHFWLYHPHQW'HSOXV
FHWWHWHFKQLTXHSHUPHWG¶DYRLUXQHLGpHGHODWDLOOHGHVSDUWLFXOHVJUkFHjODUHODWLRQGH/DXH
6FKHUUHUYLDODODUJHXUjPLKDXWHXUGXSLFGHGLIIUDFWLRQ
&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV


(QILQO¶;36;UD\3KRWRHOHFWURQ6SHFWURPHWU\RIIUHpJDOHPHQWODSRVVLELOLWpGHFRQQDLWUHOD
QDWXUH GH FKDTXH pOpPHQW HQ SUpVHQFH GDQV O¶pFKDQWLOORQ (Q HIIHW LO VHUD SRVVLEOH GH
GLIIpUHQFLHU OH PpWDO j O¶pWDW G¶R[\GDWLRQ  GX FDWLRQ QRWDPPHQW 'H SOXV FHWWH PpWKRGH
SHUPHWpJDOHPHQWGHFRQQDLWUHO¶pWDWGHUpGXFWLRQGHVPpWDX[GX320HWSDUFRQVpTXHQWLOHVW
SRVVLEOHGHUHPRQWHUjO¶pWDWGHUpGXFWLRQJOREDOHGX320

D

E
)LJXUH'LIIUDFWRJUDPPHVW\SLTXHVGHQDQRSDUWLFXOHVGHD3GILJXUHLVVXHGHOD
UpIpUHQFHE$XILJXUHLVVXHGHODUpIpUHQFH

I.2.5. Applications des matériaux POMs-NPs 
/HV DSSOLFDWLRQV GH FHV PDWpULDX[ DLQVL IRUPpV VRQW WUqV SURFKHV GH WRXW V\VWqPH j pFKHOOH
QDQRPpWULTXH/DFDWDO\VHHVWQRWDPPHQWXQGHVFKDPSVOHVSOXVYLVpV/HV320VGDQVOHV
DVVHPEODJHV320V13VYRQWVHPRQWUHUSOXVUpVLVWDQWGDQVGHVFRQGLWLRQVR[\GDQWHVHWSOXV
ODELOHTXHOHVOLJDQGVFODVVLTXHVW\SH33KRXDOFDQHWKLROV3DUDLOOHXUVFHVGHUQLHUVRQW
WHQGDQFHjUHQGUHOHV13VLQHUWHVYLVjYLVGHVUpDFWLRQVFDWDO\WLTXHV/HVFDUDFWpULVWLTXHVGX
320 VWUXFWXUH FKDUJH FRQWUHLRQV« OD QDWXUH GH O¶LQWHUDFWLRQ 32013 HW OD WDLOOH GHV
QDQRSDUWLFXOHVYRQWrWUHGHVpOpPHQWVFUXFLDX[GDQVO¶DFFHVVLRQDXFHQWUHFDWDO\WLTXHSRXUOH
VXEVWUDW&HVFDUDFWpULVWLTXHVYRQWDXVVLSHUPHWWUHGHPLHX[FRPSUHQGUHGDQVFHUWDLQVFDVOHV
PpFDQLVPHVFDWDO\WLTXHVTXLHQWUHQWHQMHX'HSOXVOHV320VQHYRQWSDVMRXHUOHVLPSOHU{OH
GH OLJDQGV LQHUWHV PDLV YRQW rWUH pJDOHPHQW LPSOLTXpV GDQV OHV SURFHVVXV FDWDO\WLTXHV
/¶DVVHPEODJH320V13VYDGRQFHQWUDLQHUXQHYpULWDEOHV\QHUJLHSXLVTX¶LO OHXUDLWDWWULEXp
XQH JUDQGH HIILFDFLWp FDWDO\WLTXH WRXW HQ pWDQW SOXV VpOHFWLI SDU H[HPSOH SRXU OHV UpDFWLRQV
FDWDO\WLTXHVHQSKDVHOLTXLGHDYHFGHWUqVERQVUHQGHPHQWV
&HV PDWpULDX[ VRQW WUqV VRXYHQW XWLOLVpV GDQV GHV UpDFWLRQV GH FKLPLH RUJDQLTXH UpDFWLRQV
G¶K\GURJpQDWLRQ UpDFWLRQ GH )ULHGHO&UDIW HSR[\GDWLRQ G¶DOFqQHV R[\GDWLRQ GHV
&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV


DOFRROV VHFRQGDLUHV UpDFWLRQV GH GpVK\GURJpQDWLRQ UpDFWLRQV FRXSOpHV « ,O D
pJDOHPHQW pWp PRQWUp TXH SRXU FHUWDLQV GHV PDWpULDX[ XWLOLVpV DXFXQH DJUpJDWLRQ RX
DJJORPpUDWLRQ Q¶DLW REVHUYp DSUqV OH SURFHVVXV FDWDO\WLTXH HIIHFWXp HW TX¶LOV JDUGHQW XQH
DFWLYLWpFDWDO\WLTXHLGHQWLTXHDXPDWpULDX[GHGpSDUW
/¶pOHFWURFDWDO\VHIDLWSDUWLHpJDOHPHQWGHVSULQFLSDOHVYRLHVG¶DSSOLFDWLRQVGHFHVDVVHPEODJHV
320V13V(QHIIHW ODPRGLILFDWLRQG¶pOHFWURGHVSDUFHVPDWpULDX[HQYHQDQW OH©FROOHUª
VXU OD VXUIDFH GH O¶pOHFWURGH YD HQJHQGUHU XQH YDULDWLRQ GHV SRWHQWLHOV DLQVL TX¶XQH
DXJPHQWDWLRQGXFRXUDQWG¶pOHFWURGHSDUUDSSRUWjO¶pOHFWURGHQXH&HODV¶H[SOLTXHQRWDPPHQW
SDUO¶DXJPHQWDWLRQGHODVXUIDFHVSpFLILTXHGHO¶pOHFWURGH/HVQDQRSDUWLFXOHVPpWDOOLTXHVYRQW
pJDOHPHQWSRXYRLUPRGLILHUOHVEDUULqUHVG¶DFWLYDWLRQGXWUDQVIHUWG¶pOHFWURQHQWUHOHPDWpULDX
320V13VHW OH VXEVWUDWHQVROXWLRQ(QpOHFWURFDWDO\VHRQ WURXYHUDWURLVJUDQGV W\SHVGH
UpDFWLRQVpOHFWURFDWDO\WLTXHVYLVpHV
x 5pGXFWLRQ GH O¶R[\JqQH 255 SRXU 2[\JHQ 5HGXFWLRQ 5HDFWLRQ ,O V¶DJLW G¶XQH
UpDFWLRQPXOWLpWDSHTXLFRQVLVWHHQODUpGXFWLRQjTXDWUHpOHFWURQVGH2HQ+2(QHIIHWOD
UpGXFWLRQpOHFWURFKLPLTXHGH2GDQVOHVSLOHVjFRPEXVWLEOHVFRQGXLWSDUIRLVjO¶DFFXPXODWLRQ
G¶XQVRXVSURGXLWGHUpDFWLRQ+2DORUVTXHODFRQYHUVLRQGH2HQ+2HVWG¶XQHLPSRUWDQFH
FDSLWDOH /D ILJXUH  PRQWUH OH &9 W\SLTXH G¶XQH 255 pOHFWURFDWDO\WLTXH GHX[ YDJXHV
SURFKHVjGHX[pOHFWURQVFKDFXQHVܱଶ ൅  ?ܪା ൅  ?݁ି ՜ ܪଶܱଶ ܪଶܱଶ ൅  ?ܪା ൅  ?݁ି ՜  ?ܪଶܱ ܱଶ ൅  ?ܪା ൅  ?݁ି ՜  ?ܪଶܱ 
&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV



)LJXUH9ROWDPPRJUDPPHF\FOLTXHjS+0WDPSRQSKRVSKDWHVDOLQPRQWUDQWXQH
255W\SLTXHVXUXQHpOHFWURGHGHFDUERQHYLWUHX[PRGLILpHDYHFGHV13VG¶RUVWDELOLVpHVSDUȕ
30R2/H&9HQDEVHQFHG¶R[\JqQHHVWpJDOHPHQWPRQWUpILJXUHLVVXHGHODUpIpUHQFH

x 2[\GDWLRQGHVDOFRROV/HV QDQRSDUWLFXOHVGHSODWLQHHWGHSDOODGLXPDVVRFLpHVjXQ
SRO\R[RPRO\EGDWH j EDVH ȕ HW İ30R VH VRQW DYpUpV rWUH GH WUqV ERQV FDWDO\VHXUV SRXU
O¶R[\GDWLRQGHVDOFRROVVHORQODJDPPHGHS+XWLOLVpH/HVSKpQRPqQHVpOHFWURFDWDO\WLTXHV
DSSDUDLVVHQW FODLUHPHQW TXDQG RQ FRPSDUH OH YROWDPPRJUDPPH F\FOLTXH G¶XQH pOHFWURGH
PRGLILpHDYHFOHVPDWpULDX[320V13VHQSUpVHQFHRXQRQGHPpWKDQROHWG¶pWKDQROILJXUH
/DUpSRQVHHVWWHOOHTXHO¶R[\GDWLRQGXPpWKDQROHVWFRQVLGpUpHFRPPHWRWDOHMXVTX¶jOD
IRUPDWLRQGH&2'HSOXVOHPDWpULDXUHVWHVWDEOHHWDXFXQHFKXWHGHFRXUDQWQ¶DpWpREVHUYpH
VXUSOXVGHF\FOHVFHTXLPRQWUHTX¶LOQ¶HVWSDVVXMHWjXQHPSRLVRQQHPHQWDXFRXUVGH
O¶R[\GDWLRQpOHFWURFDWDO\WLTXHGXPpWKDQROHQ&2
&KDSLWUH,±5HSqUHVELEOLRJUDSKLTXHV



D

E
)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVPRQWUDQWO¶R[\GDWLRQG¶DOFRROVDR[\GDWLRQGX
PpWKDQROVXUpOHFWURGHPRGLILpHSDUGHV13VGH3WGDQV+620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Chapitre II - Synthèses et études électrochimiques des 
polyoxométallates 
Introduction 
&RPPHGLWSUpFpGHPPHQWOHV320VVRQWVRXYHQWFRQVLGpUpVFRPPHGHVR[\GHVPROpFXODLUHV
VROXEOHV /HXU WDLOOH OHXU IRUPH HWRX OHXU FRPSRVLWLRQ FKLPLTXH YRQW GpWHUPLQHU OHXUV
XWLOLVDWLRQVGDQVGHVGRPDLQHVG¶DSSOLFDWLRQVVSpFLILTXHV
/¶pWXGHV¶HVW LFL IRFDOLVpH VXUGLIIpUHQWV WXQJVWRSKRVSKDWHVGH OD IDPLOOH'DZVRQ ILJXUH
&RQWDQWHWDORQWG¶DLOOHXUVPRQWUpTX¶LOpWDLWSRVVLEOHGHVXEVWLWXpGHjFHQWUHVWXQJVWLTXHV
SDU GHV FHQWUHV PRO\EGLTXHV HWRX YDQDGLTXHV GH PDQLqUHV WUqV VpOHFWLYHV /H FKRL[ GH
V¶LQWpUHVVHUDX[320VGHODIDPLOOH'DZVRQV¶H[SOLTXHSDUOHIDLWTX¶LOVRQWpWpPRLQVXWLOLVpV
TXHFHX[GH OD IDPLOOH.HJJLQGDQVGHQRPEUHX[GRPDLQHVFRPPH ODV\QWKqVHGH13VSDU
H[HPSOH ,O \ D GRQF HQFRUH EHDXFRXS GH FKRVHV j H[SORUHU DX QLYHDX GH OHXUV GLIIpUHQWHV
SURSULpWpV &RPPH SUpVHQWp GDQV OH FKDSLWUH SUpFpGHQW LO HVW SRVVLEOH G¶REWHQLU WURLV
SULQFLSDOHV VWUXFWXUHV ODFXQDLUHV SRXU FHWWH IDPLOOH OH PRQRODFXQDLUH OH WULODFXQDLUH HW
O¶KH[DODFXQDLUH/HWUDYDLOV¶HVWSRUWpVXUO¶pWXGHGHFHVWURLVHVSqFHVWRWDOHPHQWVXEVWLWXpHV
VRLWSDUGHVFHQWUHVPRO\EGLTXHV VRLWSDUGHVFHQWUHVYDQDGLTXHV^Į3:[0[` R0 
0R9, RX 99 HW [     RX   (Q HIIHW LO HVW E LHQ FRQQXV T X H OHV FHQWUHV PRO\E GLT X HV RX
YDQDGLTXHVVRQWSOXV IDFLOHPHQWUpGXLWVTXHOHVFHQWUHVWXQJVWLTXHV'HSOXVHQ IRQFWLRQGX
QRPEUHGHFHVVXEVWLWXDQWV LOVHUDSOXVDLVpGHFRQWU{OHU OHQRPEUHG¶pOHFWURQVWUDQVIpUpVDX
320

)LJXUH5HSUpVHQWDWLRQSRO\pGULTXHGHO¶LVRPqUHĮGHODVWUXFWXUHGH'DZVRQ
&KDSHDX
VLWHDSLFDO
&RXURQQH
VLWHpTXDWRULDO
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'DQVXQVHFRQGWHPSVFHVpWXGHVVXUOHV320VSKRVSKRWXQJVWDWHVGHODIDPLOOH'DZVRQRQW
pWpFRPSOpWpHVSDU O¶pWXGHGHV\VWqPHVDQDORJXHVVLOLFRWXQJVWDWHVGH OD IDPLOOH .HJJLQ >Į
6L:[0R[2@[ HW
II.1. Synthèses et caractérisations physico-chimiques 
II.1.1. Ƚ-[P2W18O62]6-    ±±  Ƚ1-  Ƚ2-
[P2W17O61]10-, Ƚ-[P2W15O56]12- Ƚ-[H2P2W12O48]12- 
/HV V\QWKqVHV GHV GLIIpUHQWV FRPSRVpV XWLOLVpV GDQV FHWWH pWXGH VRQW WUqV ELHQ FRQQXHV HW
FHUWDLQHV G¶HQWUH HOOHV RQW PrPH EpQpILFLpHV G¶RSWLPLVDWLRQ FHV GHUQLqUHV DQQpHV± /D
V\QWKqVH GH Į3: VH IDLW SDU DGGLWLRQ SURJUHVVLYH GH +&O j XQ PpODQJH GH WXQJVWDWH GH
VRGLXPHWG¶DFLGHSKRVSKRULTXH/DSUpFLSLWDWLRQGX320HVWIDLWHSDUDMRXWGH.&O/HSURGXLW
VRXVIRUPHGHSRXGUHHVWGHWUqVERQQHSXUHWpWRXWHIRLVLOHVWSRVVLEOHGHOHUHFULVWDOOLVHUGDQV
O¶HDX/DV\QWKqVHGHVGLIIpUHQWVGpULYpVODFXQDLUHVVHIDLWSDUDFWLRQG¶XQHEDVHSOXVRXPRLQV
IRUWHVXLYDQWOHQRPEUHGHODFXQHVYRXOXHVILJXUH/DSUHPLqUHpWDSHGHO¶K\GURO\VHGHĮ
3:SDUOHELFDUERQDWHGHSRWDVVLXPYDHQJHQGUHUOHGpSDUWG¶XQHHQWLWp:2HQVLWHDSLFDO
FKDSHDXHWGRQFGRQQHUOHĮ3:/¶LVRPqUHĮ3:TXDQWjOXLHVWREWHQXjSDUWLUGH
Į3:YRLUFLDSUqV3DUDLOOHXUVLOV¶LVRPpULVHOHQWHPHQWWRXWVHXOHQVROXWLRQSRXUGRQQHU
OHĮ3:/HĮ3:V¶REWLHQWSDUDFWLRQGXFDUERQDWHGHVRGLXPVXUĮ3:,OFRUUHVSRQG
DX GpSDUW GHV WURLV HQWLWpV HQ SRVLWLRQV DSLFDOHV (QILQ OH Į3: V¶REWLHQW SDU K\GURO\VH
DOFDOLQHSDUDFWLRQVXFFHVVLYHVGHGHX[EDVHVOHWULVK\GUR[\PpWK\ODPLQRPpWKDQH7+$0
RXHQFRUHWULVSXLVOHFDUERQDWHGHSRWDVVLXP,OHQUpVXOWHODSHUWHGHVL[HQWLWpV^:2[`VXU
XQH©IDFHªGX320XQHGHFKDTXHFKDSHDXHWGHX[GHFKDTXHFRXURQQH/¶LRQ^3:`HVW
QRWDPPHQWOHSUpFXUVHXUGHODV\QWKqVHGXFpOqEUH3:&RPPHGLWDXSDUDYDQWĮ3:
HVWREWHQXjSDUWLUGHĮ3: PLVHQSUpVHQFHGH WXQJVWDWHGH OLWKLXPXQLTXHPHQW /L YD
RFFXSHUOHGHUQLHUVLWHYDFDQWHWDLQVLVWDELOLVHUO¶LRQPRQRFDYDQW
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV



)LJXUH6FKpPDSUpVHQWDQWOHVYRLHVGHV\QWKqVHVGHVGLIIpUHQWHVHVSqFHVODFXQDLUHV


II.1.2. Dérivés substitués de la famille Dawson Ƚ-P2W18-xMx (où M = 
MoVI ou VV et x = 1, 3 ou 6) 
/HVGpULYpVPRO\EGLTXHVRXYDQDGLTXHVGHODIDPLOOHSRO\WXQJVWDWH'DZVRQVRQWELHQFRQQXV
HWOHVYRLHVGHV\QWKqVHVVRQWSDUWLFXOLqUHPHQWDLVpHVjPHWWUHHQSODFHDILQG¶REWHQLUXQSURGXLW
SXUILJXUH±
/HV PRO\EGRWXQJVWRSKRVSKDWHV VRQW REWHQXV HQ VROXWLRQ HQ WUDLWDQW OH GpULYp ODFXQDLUH
FRUUHVSRQGDQW SDU XQ H[FqV GH PRO\EGDWH GH VRGLXP HQ PLOLHX DFLGH +&O 0 3RXU OHV
YDQDGRWXQJVWRSKRVSKDWHV OD V\QWKqVHHVW OpJqUHPHQWGLIIpUHQWHXQHVROXWLRQGHSUpFXUVHXU
YDQDGDWHHVWSUpSDUpHjSDUWLUGH+92&HWWHVROXWLRQHVWHQVXLWHPpODQJpHjXQHVROXWLRQGH
+&O0(QILQ OH320 ODFXQDLUHHVWDMRXWp VRXVVD IRUPHVROLGH WRXWHQFKDXIIDQW MXVTX¶j
FRPSOqWH GLVVROXWLRQ /H FKDXIIDJH HVW PDLQWHQX TXHOTXHV PLQXWHV DYDQW GH UHYHQLU j
WHPSpUDWXUH DPELDQWH 7RXV FHV FRPSRVpV VRQW SUpFLSLWpV VRXV IRUPH GH VHOV GH SRWDVVLXP
JUkFHjO¶DMRXWGH.&OVROLGH
Li2WO4 
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV



)LJXUH6FKpPDGHV\QWKqVHVGHVHVSqFHVVXEVWLWXpHV

/D501GXSKRVSKRUHHVWXQPR\HQUDSLGHHWHIILFDFHSRXUGpWHUPLQHUODSXUHWpGXSURGXLW
'H QRPEUHXVHV pWXGHV GH 501 GX SKRVSKRUH HW GX WXQJVWqQH RQW G¶DLOOHXUV pWp IDLWHV SDU
&RQWDQW HW DO± HQ IRQFWLRQ GH O¶HQYLURQQHPHQW GHV GLIIpUHQWV DWRPHV GH SKRVSKRUH 2Q
V¶DWWHQGGRQFjDYRLUXQVHXOSLFGH3SRXUOHVDQLRQVĮ3:Į3:0RHWĮ3:9HW
GHX[ SLFV GH PrPH LQWHQVLWp SRXU OHV HVSqFHV Į3:0R Į3:9 Į3:0R HW Į
3:9FIDQQH[H,,
/HVVSHFWUHV LQIUDURXJHV,5FIDQQH[H,,GHVWURLVFRPSRVpVDXPRO\EGqQHVRQWWUqV
VLPLODLUHV HQWUH HX[ HW pJDOHPHQW DYHF OHXU SDUHQW Į3: (Q UHYDQFKH SRXU OHV HVSqFHV
VXEVWLWXpHVDXYDQDGLXPO¶DMRXWGHFHQWUHVYDQDGLTXHVFRQGXLWjXQFKDQJHPHQWGDQVO¶DOOXUH
GHV VSHFWUHV LQIUDURXJHV (Q HIIHW SRXU OHV HVSqFHV PRO\EGLTXHV OD FKDUJH QH FKDQJH SDV
SXLVTXH OH PRO\EGqQH HVW j VRQ pWDW G¶R[\GDWLRQ 9, HQ UHYDQFKH SRXU OHV YDQDGLTXHV OH
YDQDGLXPHVWjXQpWDWG¶R[\GDWLRQ9ODFKDUJHYDGRQFrWUHGHSOXVHQSOXVQpJDWLYHDXIXU
HWjPHVXUHTXHO¶RQLQFRUSRUHGHVFHQWUHVYDQDGLTXHV/HVSHFWUHGHĮ3:9HVWVLPLODLUH
jFHOXLGHĮ3:DORUVTXHSRXUOHVWULHWKH[DVXEVWLWXpVOHFKDQJHPHQWHVWGHSOXVHQSOXV
LPSRUWDQW
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


/HV VSHFWUHV 89YLVLEOH FI DQQH[H ,, GH WRXV FHV FRPSRVpV PL[WHVVDWXUpV VRXV OHXU
IRUPHR[\GpHSUpVHQWHQWGHVFDUDFWpULVWLTXHVVLPLODLUHVRQREVHUYHXQHIRUWHDEVRUEDQFHGDQV
OHGRPDLQHGHO¶89TXLFRUUHVSRQGjXQHWUDQVLWLRQGHWUDQVIHUWGHFKDUJHR[\JqQHĺPpWDODX
VHLQ GX 320 HW DXFXQH DEVRUEDQFH Q¶HVW REVHUYpH GDQV OH YLVLEOH /HV FRPSRVpV UpGXLWV
SUpVHQWHQWTXDQWjHX[XQWRXWDXWUHFRPSRUWHPHQWTXLVHUDGpWDLOOpGDQVOHSURFKDLQFKDSLWUH
$ILQ GH GpPRQWUHU OD VSpFLILFLWp GHV FRPSRVpV GH OD IDPLOOH 'DZVRQ QRXV DYRQV GpFLGp
G¶H[SORUHUSDUDOOqOHPHQWOHFRPSRUWHPHQWGHVGpULYpVPRO\EGLTXHVGHODIDPLOOH.HJJLQ OHV
VLOLFRWXQJVWDWHVĮ6L:[0R[[ HW/¶KpWpURpOpPHQWFKRLVLHVWOHVLOLFLXPSXLVTXHOHV
GpULYpVDYHFOHSKRVSKRUHQHVRQWSDVVWDEOHVHQPLOLHXDTXHX[PDLVGDQVXQPpODQJH
HDXGLR[DQH
II.1.3. Dérivés molybdiques de la famille Keggin [Ƚ-SiW12-xMoxO40]4- 
(x = 1, 2 et 3) 
/HVV\QWKqVHVGHVHVSqFHVPRQRHWWULVXEVWLWXpVVRQWVLPLODLUHVjFHOOHVGHODIDPLOOH'DZVRQ
SUpVHQWpHVSUpFpGHPPHQW/HVHVSqFHVODFXQDLUHVĮ6L:HWĮ6L:VRQWWUDLWpHVSDUXQH[FqV
GHPRO\EGDWHGHVRGLXPHQPLOLHXDFLGH+&O0/HVSURGXLWVVRQWSUpFLSLWpVVRXVIRUPHGH
VHOV GH SRWDVVLXP (Q UHYDQFKH HQ FH TXL FRQFHUQH O¶HVSqFH GLVXEVWLWXpH Į6L:0R OD
V\QWKqVHHVWGLIIpUHQWHpWDQWGRQQpTXHO¶HVSqFHGLODFXQDLUH6L:HVWVRXVODIRUPHG¶LVRPqUH
Ȗ (Q HIIHW DXFXQ LVRPqUH GLYDFDQW Į6L: Q¶D pWp UDSSRUWp MXVTX¶DORUV /¶REWHQWLRQ GH
O¶HVSqFHĮGLVXEVWLWXpHVWUpDOLVpHSDUODFRQGHQVDWLRQGHWXQJVWDWHVXU OD ODFXQHGH O¶LRQ Į
6L:0R
/RUVGHO¶pWXGHGHFHVFRPSRVpVLODpWpHQYLVDJpGHIDLUHUpDJLUO¶LRQODFXQDLUHĮ6L:0R
V\QWKpWLVpHWFDUDFWpULVpSDU+HUYpHWDODYHFO¶HXURSLXP(QHIIHWO¶HXURSLXPFRPPHOHV
DXWUHVODQWKDQLGHVHVWFRQQXSRXUVDSURSHQVLRQjIRUPHUGHVGLPqUHVGHVW°FKLRPpWULHHQ
SUHQDQW XQ HQYLURQQHPHQW RFWDFRRUGLQQp± /D UpVROXWLRQ VWUXFWXUDOH SDU UD\RQV; QRXV
SHUPHWWUDGHFRQILUPHUODERQQHVWUXFWXUHGX320ODFXQDLUHLQLWLDO
/HGLPqUH .>(XĮ6L:0R2@+2HVWSUpSDUpSDUXQH PpWKRGHGLIIpUHQWHGHFHOOH
GpFULWHGDQVOD OLWWpUDWXUHSRXUVRQKRPRORJXH.>(XĮ6L:2@+2(QHIIHWOH
FRPSRVpODFXQDLUH>Į6L:0R2@pWDQWPRLQVUREXVWHTXHVRQKRPRORJXHQHFRQWHQDQWSDV
GH PRO\EGqQH LO HVW QpFHVVDLUH GH SURFpGHU j WHPSpUDWXUH DPELDQWH HW HQ PLOLHX WDPSRQQp
DFpWDWH S+ a  DILQ G¶pYLWHU VD GpJUDGDWLRQ 'H OD PrPH IDoRQ O¶RUGUH G¶DGGLWLRQ GHV
UpDFWLIVHVWLQYHUVpOHFRPSRVp>Į6L:0R2@HVWDMRXWpSDUSHWLWHVSRUWLRQVjXQHVROXWLRQ
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


FRQWHQDQW OHV LRQV(X/DFRQVWDQWHGH IRUPDWLRQGXFRPSRVp >(XĮ6L:0R2@ HVW
VXIILVDPPHQWpOHYpHSRXUXQHUpDFWLRQUDSLGHGXIUDJPHQWODFXQDLUH>Į6L:0R2@DYHF
O¶LRQ(XFHTXLSUpYLHQWWRXWHGpFRPSRVLWLRQGHFHOXLFLFDUHQGpILQLWLYHLOQHUHVWHSDVOLEUH
HQVROXWLRQSHQGDQWXQWHPSVVXIILVDPPHQWORQJSRXUTX¶LOVHGpFRPSRVH/DV\QWKqVHG¶XQ
GLPqUH Į6L:0R(X D GRQF pWp IDLWH GH OD PDQLqUH VXLYDQWH OH SUpFXUVHXU G¶(X,,,
(X&O+2HVWGLVVRXVGDQVGXWDPSRQDFpWDWH Į6L:0R HVW HQVXLWHDMRXWpSHWLW jSHWLW
UDSSRUW PRODLUH (X320    &HWWH VROXWLRQ HVW DJLWpH j WHPSpUDWXUH DPELDQWH MXVTX¶j
GLVVROXWLRQFRPSOqWHHWHVWHQVXLWH ILOWUpHVXUSDSLHUHW ODLVVpHFULVWDOOLVHUj O¶DLU$XERXWGH
TXHOTXHVMRXUVGHVFULVWDX[EODQFVHQIRUPHVGHEDJXHWWHVDSSDUDLVVHQW2QREWLHQWJGH
PDWpULDXEODQFGXFRPSRVp.>(XĮ6L:0R2@+2VRLWXQUHQGHPHQWGH,5
FPZPVPPPZ
/HVGLIIpUHQWHVFDUDFWpULVDWLRQVSK\VLFRFKLPLTXHVGHVWURLVHVSqFHVVXEVWLWXpHVVRQWSUpVHQWpHV
HQDQQH[HFIDQQH[H,,(QUHYDQFKHHQFHTXLFRQFHUQHOHGLPqUHG¶HXURSLXPHOOHVVRQW
SUpVHQWpHVFLGHVVRXV
/DUpVROXWLRQVWUXFWXUDOHSDUUD\RQV;QRXVDGRQFSHUPLVG¶REWHQLUODVWUXFWXUHGXFRPSRVp
ILJXUHDLQVLTXHVHVFDUDFWpULVWLTXHVFULVWDOORJUDSKLTXHVFIDQQH[H,,&HGLPqUHHVW
GRQF FRPSRVp GH GHX[ HQWLWpV PRQRYDFDQWHV GH W\SHV .HJJLQ Į6L:0R WRXWHV GHX[
FRQQHFWpHV DX FHQWUH (X &H GHUQLHU Q¶HVW SDU FRQVpTXHQW SDV HQWLqUHPHQW VLWXp GDQV OD
ODFXQHGHFKDTXHPRQRPqUH/¶HXURSLXPHVWFRRUGRQQpSDUKXLWDWRPHVG¶R[\JqQHLVVXVGHV
IUDJPHQWV.HJJLQHWVHWURXYHHQHQYLURQQHPHQWFDUUpDQWLSULVPDWLTXH

)LJXUH5HSUpVHQWDWLRQVWUXFWXUDOHGXGLPqUHĮ6L:0R(X
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


/DUpSRQVHHQ501:GRLWGRQFGRQQHUHQWKpRULHQHXIVSLFVHQUDSSRUWjODV\PpWULHGHOD
PROpFXOH&&¶HVWELHQFHTXHO¶RQREVHUYHVXUOHVUpVXOWDWVILJXUHWDEOHDX/D501
GX WXQJVWqQH PRQWUH ELHQ QHXIV SLFV FKDFXQ DYHF XQH LQWpJUDWLRQ FRUUHVSRQGDQWH j XQ
WXQJVWqQH/DPXOWLSOLFLWpHVWFRKpUHQWHDYHF OD V\PpWULHGH OD PROpFXOH(QHIIHW OHVQHXIV
DWRPHVGHWXQJVWqQHGDQVXQIUDJPHQW.HJJLQQHVRQWSDVpTXLYDOHQWVHQWUHHX[2QYRLWTXH
GHX[SLFV VRQW IRUWHPHQWGpFDOpVYHUV ± SSPFHTXLQRXVSHUPHWGH OHVDWWULEXHUDX[
DWRPHVGHWXQJVWqQHGLUHFWHPHQWOLpVjO¶HXURSLXPFHQWUHSDUDPDJQpWLTXHSDUOHVSRQWVR[R
'H SOXV VL[ SLFV VRQW UHODWLYHPHQW ODUJH a  +] SUREDEOHPHQW OD FRQVpTXHQFH G¶XQH
LQWHUDFWLRQSDUDPDJQpWLTXHUpVLGXHOOH(QILQ OHGHUQLHUSLFj ±SSPHVWWUqVILQHWHVW
GRQFDWWULEXpjO¶DWRPHGHWXQJVWqQHOHSOXVpORLJQpGXFHQWUHHXURSLXP/DUpSRQVHHQ501
GH 6L PRQWUH XQ SLF XQLTXH j ±  SSP  FDUDFWpULVWLTXH G¶XQ FRPSRVp SXU FI DQQH[H
,,

)LJXUH6SHFWUHV501:GXGLPqUHĮ6L:0R(X

&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


7DEOHDX'pSODFHPHQWFKLPLTXHSSPHWLQWpJUDWLRQGHVSLFV501:GXGLPqUH
 >(XĮ6L:0R2@
įSSP         
,QWpJUDWLRQ         
&RQVWDQWHGH
FRXSODJH+]         
/HV DQDO\VHV SDU VSHFWURVFRSLH ,5 FI DQQH[H ,, HW OD FRPSDUDLVRQ DYHF OH SUpFXUVHXU
ODFXQDLUHĮ6L:0RPRQWUHTXHOHVGHX[FRPSRVpVVRQWWUqVSURFKHVPRQWUDQWDLQVLTXHGDQV
OHFRPSRVp>(XĮ6L:0R2@O¶LRQĮ6L:0R2FRQVHUYHVRQFDUDFWqUHODFXQDLUH
&HWWHREVHUYDWLRQHVWHQDFFRUGDYHF OD VWUXFWXUH'5;TXL PRQWUHTXH OH UHPSOLVVDJHGH OD
ODFXQHSDUOHFDWLRQ(XQ¶HVWTXHSDUWLHO
/DVSHFWURVFRSLH899LVLEOHDSHUPLVHQWUHDXWUHVGHGpWHUPLQHUODVWDELOLWpHQVROXWLRQGHV
GLIIpUHQWVFRPSRVpVHQIRQFWLRQGXS+GHODVROXWLRQPDLVDXVVLGHOHVFDUDFWpULVHUJUkFHDX[
SULQFLSDOHVEDQGHVG¶DEVRUSWLRQREVHUYpHVILJXUH/HV320VWXQJVWLTXHVHWPRO\EGLTXHV
G¶XQHIDoRQJpQpUDOHSUpVHQWHQWXQHIRUWHDEVRUEDQFHGDQVO¶89TX¶LOVVRLHQWVRXVOHXUIRUPH
R[\GpHRXUpGXLWHGXHDXWUDQVIHUWGHFKDUJHVR[\JqQHĺPpWDO&HWWHDEVRUEDQFHSHXWrWUH
PRGLILpH SDU OD SUpVHQFH G¶XQ FDWLRQ PpWDOOLTXH G RX I 'DQV OH FDV GX GLPqUH >(XĮ
6L:0R2@ODSUpVHQFHGXFDWLRQ(XVHPEOHrWUHjO¶RULJLQHG¶XQHPRGLILFDWLRQGHOD
IRUPH GH OD EDQGH G¶DEVRUSWLRQ TXL UHVWH GDQV O¶89 DYHF OH SLF SULQFLSDO TXL VH GpFDOH
OpJqUHPHQWYHUVGHVORQJXHXUVG¶RQGHVSOXVSRVLWLYHVQPjQPHWOHSLFVHFRQGDLUHj
QPTXLHVWPLHX[GpILQL/HVVSHFWUHVRQWpWpQRUPDOLVpVjSRXUOHPD[LPXPGHSLFSRXU
SOXVGHFODUWp
   
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)LJXUH6SHFWUHV89YLVLEOHGXGLPqUHĮ6L:0R(XGXSUpFXUVHXUG¶HXURSLXP
(X&O+2HWGHO¶HVSqFHODFXQDLUHĮ6L:0RjS+WDPSRQDFpWDWH
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


II.2. Etudes électrochimiques par voltammétrie cyclique et 
coulométrie à potentiel contrôlé en milieu aqueux (0 < pH < 3) 
II.2.1. ±  ǯ° ± Ƚ-[P2W18O62]6- et de ses 
±±Ƚ1- Ƚ2-[P2W17O61]10-ǡȽ-[P2W15O56]12- Ƚ-
[H2P2W12O48]12- 
II.2.1.a. Ƚ-[P2W18O62]6-ǡȽ1- Ƚ2-[P2W17O61]10- 
/H FRPSRUWHPHQW pOHFWURFKLPLTXH HQ PLOLHX DTXHX[ DFLGH GX Į3: HVW FRQQX GHSXLV
SOXVLHXUVGpFHQQLHV/HYROWDPPRJUDPPHF\FOLTXH&9REWHQXHVWWUqVFDUDFWpULVWLTXHGH
FH FRPSRVp ILJXUH  *UkFH DX[ GLIIpUHQWHV WHFKQLTXHV pOHFWURFKLPLTXHV OH QRPEUH
G¶pOHFWURQV pFKDQJp SRXU FKDTXH YDJXH D SX rWUH GpWHUPLQp /HV GHX[ SUHPLqUHV YDJXHV
UpYHUVLEOHVFRUUHVSRQGHQWjXQpFKDQJHPRQRpOHFWURQLTXHHWVRQWLQGpSHQGDQWHVGXS+/HV
GHX[YDJXHVVXLYDQWHVUpYHUVLEOHVpJDOHPHQWFRUUHVSRQGHQWjXQpFKDQJHGHGHX[pOHFWURQV
FKDFXQHHWVRQWGpSHQGDQWHVGXS+DYHFXQWUDQVIHUWG¶pOHFWURQFRXSOpjXQWUDQVIHUWGHSURWRQ
SRXU GHV YDOHXUV GH S+ FRPSULVHV HQWUH  HW  (QILQ LO \ D pJDOHPHQW XQ GHUQLqUH YDJXH
LUUpYHUVLEOH TXL FRUUHVSRQG DSSUR[LPDWLYHPHQW j XQ pFKDQJH GH QHXI pOHFWURQV HW TXL YD
HQWUDLQHUGpFRPSRVLWLRQGXSURGXLWHWVRQDGVRUSWLRQjODVXUIDFHGHO¶pOHFWURGHGHWUDYDLOHW
GRQFVDPRGLILFDWLRQ

)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVGHĮ3:$FRPSDUDLVRQGHVTXDWUHYDJXHV
UpYHUVLEOHVjS+HWS+%&9FRPSOHWDYHFODGHUQLqUHYDJXHLUUpYHUVLEOHjS+
S+ 01D62+62S+ 0+62YLWHVVHGHEDOD\DJHP9V
'H SDU OHV GLIIpUHQWHV pWXGHV LO D GRQF pWp SRVVLEOH G¶pWDEOLU OHV GLIIpUHQWHV pTXDWLRQV
pOHFWURQLTXHVSRXUOHVSURFHVVXVUHGR[D\DQWOLHXDXQLYHDXGHVTXDWUHSUHPLqUHVYDJXHV
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&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


Į>3:2@  H ҡ Į>3:2@ 
Į>3:2@  H ҡ Į>3:2@ 
Į>3:2@  H  + ҡ Į+>3:2@ 
Į+>3:2@  H  + ҡ Į+>3:2@ 
/HVpWXGHVpOHFWURFKLPLTXHVVXUOHVHVSqFHVODFXQDLUHVVRQWUDUHVHWWUqVSHXGpYHORSSpHV(Q
HIIHWFHVHVSqFHVQHVRQWSDVVWDEOHVHQPLOLHXDFLGH&HSHQGDQWRQWURXYHGDQVODOLWWpUDWXUH
TXHOTXHV&9VFDUDFWpULVWLTXHVTXLVRQWXWLOLVpVFRPPHpOpPHQWVGHFRPSDUDLVRQDYHFOHV&9V
GHVHVSqFHVVDWXUpHV
/¶HVSqFHPRQRODFXQDLUHGHW\SHĮODFXQHGDQVOHFKDSHDXPRQWUHWURLVYDJXHVUpYHUVLEOHV
jGHX[pOHFWURQV&HVWURLVSKpQRPqQHVUHGR[VRQWGpSHQGDQWVGXS+/HVGHX[SUHPLqUHVVRQW
LGHQWLTXHV j FHOOH GH O¶LVRPqUH Į ODFXQH GDQV OD FRXURQQH PDLV OH WURLVLqPH HVW
FDUDFWpULVWLTXHGH O¶LVRPqUHĮHWFRQVWLWXHUD VD VLJQDWXUH(OOHHVW OpJqUHPHQWFRPSRVLWHj
S+HWVHVpSDUHHQGHX[YDJXHVjXQpOHFWURQORUVTXHOHS+DXJPHQWHILJXUH

)LJXUH9ROWDPPRJUDPPHVF\FOLTXHV$FRPSDUDLVRQHQWUHĮ3:HWĮ3:jS+
%FRPSDUDLVRQGHĮ3:HQWUHS+HWS+
S+ 01D62+62S+ 0+62YLWHVVHGHEDOD\DJHP9V
/D SHUWH G¶XQ JURXSHPHQW :2 SHQGDQW OD IRUPDWLRQ GH Į3: j SDUWLU GH Į3: HVW
DFFRPSDJQpH SDU O¶DXJPHQWDWLRQ GH OD FKDUJH pOHFWULTXH WRWDO GX 320 GH  j  HW SDU OH
UHQIRUFHPHQWGHVDEDVLFLWp/HVGHX[SUHPLqUHVYDJXHVjXQpOHFWURQGHĮ3:YRQWIXVLRQQHU
SRXUIRUPHUXQHVHXOHYDJXHjGHX[pOHFWURQVSRXUO¶HVSqFHODFXQDLUHjXQSRWHQWLHOSOXVQpJDWLI
HWTXLGHYLHQWPDLQWHQDQWGpSHQGDQWHGXS+UpYpODQWXQFDUDFWqUHSOXVDOFDOLQILJXUH
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&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV



)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVFRPSDUDLVRQHQWUHĮ3:HWĮ3:j$S+
%S+
S+ 01D62+62S+ 0+62YLWHVVHGHEDOD\DJHP9V
II.2.1.b. Ƚ-[P2W15O56]12- et Ƚ-[H2P2W12O48]12- 
/HV GHX[ GHUQLHUV GpULYpV ODFXQDLUHV WXQVJWRSKRVSKDWHV GH OD IDPLOOH 'DZVRQ SUpVHQWHQW
pJDOHPHQWXQHVLJQDWXUHpOHFWURFKLPLTXHSURSUH,OHVWLPSRUWDQWGHQRWHUTXHFHVHVSqFHVVRQW
SHX VWDEOHV HW VH GpFRPSRVHQW UDSLGHPHQW PDLV LO HVW WRXWHIRLV SRVVLEOH GH WUDFHU OH &9
FDUDFWpULVWLTXH GH FHV FRPSRVpV ILJXUH  /HV GHX[ FRPSRVpV SUpVHQWHQW FKDFXQ GHX[
YDJXHVODSUHPLqUHjTXDWUHpOHFWURQVHWODVHFRQGHjGHX[pOHFWURQV
    
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)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVjS+GH$Į3:HWĮ3:HW%Į3:HW
Į3:S+ 01D62+62YLWHVVHGHEDOD\DJHP9V
6L O¶RQ FRPSDUH OHV WURLV HVSqFHV ODFXQDLUHV ILJXUH  RQ SHXW UHPDUTXHU XQH FHUWDLQH
WHQGDQFH SOXV OH QRPEUH GH ODFXQHV VHUD LPSRUWDQW SOXV OH SRWHQWLHO GH UpGXFWLRQ GH
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
SUHPLqUHYDJXHVHUDQpJDWLIWDEOHDX&HODV¶H[SOLTXHQRWDPPHQWSDUOHIDLWTXHODFKDUJH
pOHFWULTXHWRWDOHGX320GHYLHQWGHSOXVHQSOXVQpJDWLYHDYHFOHQRPEUHGHODFXQHV±
    
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)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVFRPSDUDQWOHVWURLVHVSqFHVODFXQDLUHVGHODIDPLOOH
'DZVRQjS+
S+ 01D62+62YLWHVVHGHEDOD\DJHP9V
7DEOHDX3RWHQWLHOVGHSLFFDWKRGLTXHGHĮ3:Į3:Į3:HWĮ3:jS+0
1D62+62HWQRPEUHG¶pOHFWURQVpFKDQJpVFRUUHVSRQGDQW
V vs. SCE Epc1 Epc2 Epc3 Epc4 
ơ-P2W18 0.016 -0.162 -0.602 -0.866 
1RPEUHG·pOHFWURQV 1 1 2 2 
ơ2-P2W17 -0.310 -0.530 -0.768 -0.874 
1RPEUHG·pOHFWURQV 2 2 1 1 
ơ-P2W15 - - -0.496 -0.794 
1RPEUHG·pOHFWURQV - - 4 2 
ơ-P2W12 - - -0.574 -0.628 
1RPEUHG·pOHFWURQV - - 4 2 

II.2.2. Présentation des espèces substituées Ƚ-P2W18-xMx (où M = 
MoVI ou VV et x = 1, 3 ou 6)  
II.2.2.a. Ƚ2-P2W17M 
%HDXFRXSGH WUDYDX[RQWSHUPLVGH PHWWUHHQpYLGHQFHTXH OH IDLWGH VXEVWLWXHU O¶DWRPHGH
WXQJVWqQHSDUXQDXWUHPpWDO©Gª 0Q)H&R1L&XRU=QQHSHUPHWSDVGH
UHWURXYHUOHFRPSRUWHPHQWpOHFWURFKLPLTXHGHĮ3:(QHIIHWOHVGHX[YDJXHVjXQ
pOHFWURQTXLVRQWFKDFXQHLQGpSHQGDQWHGXS+QHVRQWSDVUpJpQpUpHV(QUHYDQFKHRQFRQVWDWH
TXHOHFRPSRUWHPHQWGXVTXHOHWWHWXQJVWLTXHGX320HVWSOXVSURFKHGHFHOXLGHĮ3:TXH
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


GHFHOXLGHĮ3:2QREVHUYHWRXMRXUVWURLVSURFHVVXVUHGR[jGHX[pOHFWURQVHWGpSHQGDQWV
GXS+
'DQV OHFDVGHĮ3:99SRXU OHTXHO OHFDWLRQ99TXLD UHPSODFpXQGHVFHQWUHV:9, VH
UHWURXYHGDQV ODPrPHFRRUGLQDWLRQTXHFHGHUQLHURQREVHUYH OHPrPHFRPSRUWHPHQW(Q
HIIHWOHYROWDPPRJUDPPHF\FOLTXHGHFHFRPSRVpSUpVHQWHTXDWUHSURFHVVXVUHGR[UpYHUVLEOHV
ILJXUH  /H SUHPLHU SURFHVVXV PRQRpOHFWURQLTXH HVW ORJLTXHPHQW DWWULEXp DX FRXSOH
999,9/HVWURLVDXWUHVTXLVHVXFFqGHQWVRQWjGHX[pOHFWURQVHWGpSHQGHQWGXS+
8QHpWXGHGpWDLOOpHGHVGLIIpUHQWVpWDWVGHUpGXFWLRQGHV320VVXEVWLWXpVDXYDQDGLXPDGpMj
pWpHIIHFWXpHHWSUpVHQWHWRXWHVFHVFDUDFWpULVWLTXHV

)LJXUH9ROWDPPRJUDPPHVF\FOLTXHV$FRPSDUDLVRQHQWUHĮ3:9HWĮ3:jS+%FRPSDUDLVRQGHĮ3:9HQWUHS+HWS+
S+ 01D62+62S+ 0+62YLWHVVHGHEDOD\DJHP9V
2QSHXWHQGpGXLUHOHVpTXDWLRQVpOHFWURQLTXHVVXLYDQWHV
Į>3:992@  H ҡ Į>3:9,92@ 
Į>3:9,92@  H  + ҡ Į+>3:9,92@ 
Į+>3:9,92@  H  + ҡ Į+>3:9,92@ 
Į+>3:9,92@  H  + ҡ Į+>3:9,92@ 
/H 320 VXEVWLWXp SDU OH PRO\EGqQH Į3:0R9, PRQWUH XQ WRXW DXWUH FRPSRUWHPHQW
ILJXUH/DSUpVHQFHGXFDWLRQ0R9,YDIDLUHDSSDUDLWUHGHX[YDJXHVjXQpOHFWURQFKDFXQH
jGHVSRWHQWLHOVSOXVpOHYpVFRPSDUpDX[YDJXHVGXWXQJVWqQHGHĮ3:/DSOXVSRVLWLYHHVW
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&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


ORJLTXHPHQW DWWULEXpH DX FHQWUH PRO\EGLTXH HW OD VHFRQGH j OD UpGXFWLRQ GH :9, /H
FRPSRUWHPHQW UpVLGXHO GH Į3: TXH O¶RQ SRXYDLW REVHUYHU SRXU WRXV OHV FRPSRVpV
VXVEVWLWXpVĮ3:0DYHF0 90Q)H&R1L&XRU=QQ¶HVWSOXVSUpVHQW
/DSUHPLqUHYDJXHGHUpGXFWLRQGXWXQJVWqQHHVWGHYHQXPRQRpOHFWURQLTXHHWLQGpSHQGDQWH
GXS+FRPPHF¶HVWOHFDVSRXUĮ3:(QILQODWURLVLqPHYDJXHHVWTXDQWjHOOHGpSHQGDQWH
GXS+HWELpOHFWURQLTXHFHTXLUHVVHPEOHDXFRPSRUWHPHQWGHĮ3:2QSHXWGRQFDIILUPHU
TXHOHFRPSRVpĮ3:0RSUpVHQWHjODIRLVXQFRPSRUWHPHQWGHVRQSDUHQWVDWXUpTXLRQW
ODPrPHFKDUJHpOHFWURQLTXHWRWDOHDLQVLTXHGHVRQSDUHQWODFXQDLUH

)LJXUH&RPSDUDLVRQGHVYROWDPPRJUDPPHVF\FOLTXHVjS+$Į3:HWĮ
3:0R%Į3:0RHWĮ3:9S+ 0+62YLWHVVHGHEDOD\DJHP9V
8QH DWWHQWLRQ SDUWLFXOLqUH D pWp IDLWH VXU OHV WURLV SUHPLHUV SURFHVVXV UHGR[ 8QH pWXGH HQ
IRQFWLRQGXS+DGRQFpWpFRQGXLWHGDQVXQGRPDLQHGHS+FRPSULVHQWUHHWILJXUH
WDEOHDX  /D SUHPLqUH YDJXH j XQ pOHFWURQ FRUUHVSRQGDQW DX FRXSOH 0R9,0R9 HVW
LQGpSHQGDQWHGXS+/DVHFRQGHYDJXHpJDOHPHQWjXQpOHFWURQHVWDXVVLLQGpSHQGDQWHGXS+
HWFRUUHVSRQGTXDQWjHOOHDXFRXSOH:9,:9(QILQODWURLVLqPHYDJXHLPSOLTXHXQpFKDQJH
GHGHX[pOHFWURQVVXUOHVTXHOHWWHWXQJVWLTXHHWHVWGpSHQGDQWHGXS+DYHFXQVKLIWGHP9
SDUXQLWpGHS+FHTXLHVWHQDFFRUGDYHFOHVP9GHO¶pTXDWLRQGH1HUQVWTXDQGOHWUDQVIHUW
G¶XQpOHFWURQHVWFRXSOpjXQWUDQVIHUWGHSURWRQ2QSHXWGRQFHQGpGXLUHOHVpTXDWLRQVUHGR[
VXLYDQWHV
Į>3:0R9,2@  H ҡ Į>3:0R92@ 
Į>3:0R92@  H ҡ Į>3:0R92@ 
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




D3:
D3:0R


,
$
(9YV6&(
S+
$
   





S+
D3:0R
D3:9


,
$
(9YV6&(
%
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


Į>3:0R92@  H  + ҡ Į+>3:0R92@ 
7DEOHDX3RWHQWLHOUHGR[DSSDUHQWSRXUOHVWURLVSUHPLHUVSURFHVVXVGHĮ3:0RHQIRQFWLRQ
GXS+pOHFWURO\WH01D62+62
V vs. SCE E0·1 E0·2 E0·3 
pH Mo(1e) W(1e) W(2e) 
0.5 0.25 -0.13 -0.31 
1.0 0.25 -0.16 -0.34 
1.5 0.25 -0.16 -0.37 
2.0 0.25 -0.17 -0.40 
3.0 0.25 -0.17 -0.46 
-ƅE/ƅpH 0.000 0.013 0.060 

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)LJXUH9DULDWLRQGXSRWHQWLHOUHGR[DSSDUHQWSRXUOHVWURLVSUHPLHUVSURFHVVXVGH
Į3:0RHQIRQFWLRQGXS+pOHFWURO\WH01D62+62
$XGHOjGXWURLVLqPHSURFHVVXVUHGR[OH&9GHĮ3:0RPRQWUHXQFRPSRUWHPHQWSOXW{W
SDUWLFXOLHU (Q HIIHW OHV SURFHVVXV UHGR[ TXL RQW OLHX DXGHOj GH FHWWH WURLVLqPH YDJXH VH
UHJURXSHQWHQXQHVHXOHYDJXHLUUpYHUVLEOHDFFRPSDJQpHG¶XQHIRUWHDXJPHQWDWLRQGXFRXUDQW
FDWKRGLTXH TXL FRUUHVSRQG j TXDWUH pOHFWURQV pFKDQJpV SDU PROpFXOHV ILJXUH  &H
SKpQRPqQHDGpMjpWpREVHUYpSRXUOHVFRPSRVp3:5H9HW3:7F9/DUpGXFWLRQGHV
FHQWUHV5H9HW7F9DOLHXDYDQWFHOOHGHVFHQWUHVWXQJVWLTXHVFRPPHF¶HVWOHFDVSRXUOHFHQWUH
0R9,/DGHQVLWppOHFWURQLTXHDXWRXUGHVVXEVWLWXDQWYDGRQFDXJPHQWHUHWODFKDUJHQpJDWLYH
GX 320 YD pJDOHPHQW DXJPHQWHU FH TXL YD DFFHQWXHU OH FDUDFWqUH DOFDOLQ GX FRPSRVp /D
UpGXFWLRQGXFRPSRVpDXWHFKQpWLXPHVWFRQQXHSRXUrWUHIDFLOLWpHSDUODSURWRQDWLRQ'DQVGHV
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


FRQGLWLRQV IDYRUDEOHVGHSURWRQDWLRQ OH WUDQVIHUWG¶pOHFWURQV VHUDSOXV IDFLOHHW OHSURFHVVXV
UHGR[DXUDOLHXGDQVGHVGRPDLQHVG¶pQHUJLHVSURFKHVFHTXLYDFRQGXLUHjGHVYDJXHVPXOWL
pOHFWURQLTXHV 4XDQG OD SURWRQDWLRQ VHUD PRLQV IDYRUDEOH OH WUDQVIHUW G¶pOHFWURQV VHUD SOXV
GLIILFLOHFHTXLFRQGXLUDjXQHVpSDUDWLRQGHVYDJXHVSRXYDQWFRQGXLUHjGHVYDJXHVPRQR
pOHFWURQLTXHV 'DQV OH FDV GH Į3:0R OD SURWRQDWLRQ DXGHOj GX WURLVLqPH SURFHVVXV
UHGR[ VHUD LPSRUWDQWH ,O YD HQ UpVXOWHU XQH DFFpOpUDWLRQ GDQV OD FLQpWLTXH GH WUDQVIHUW
G¶pOHFWURQVXQHYDJXHjTXDWUHpOHFWURQVDSSDUDLWGRQF
/H320Į3:9DODPrPHFKDUJHpOHFWULTXHJOREDOHTXHFHVGHX[FRPSRVpVFRQWHQDQW
5HRX7FPDLVDXFXQHIXVLRQGHYDJXHVQ¶HVWREVHUYpHDXGHOjGXWURLVLqPHSURFHVVXVUHGR[
&HODPRQWUHTXHOHVSURSULpWpVDFLGREDVLTXHVGX320GpSHQGHQWQRQVHXOHPHQWGHODFKDUJH
pOHFWULTXH JOREDOH PDLV pJDOHPHQW GH OD QDWXUH GX VXEVWLWXDQW XWLOLVp ^992` PRQWUH XQ
FDUDFWqUHPRLQVEDVLTXH2QHQGpGXLWGRQF O¶pTXDWLRQ UHGR[GHFHGHUQLHUSURFHVVXV UHGR[
SRXUO¶HVSqFHPRO\EGLTXH
Į+>3:0R92@  H  [+ ҡ Į+[>3:0R92@[ 
    

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
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


,
$
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
)LJXUH9ROWDPRJUDPPHVF\FOLTXHVjS+GHĮ3:0RPRQWUDQWODSDUWLFXODULWpGX
TXDWULqPHSURFHVVXVUHGR[
S+ 01D62+62YLWHVVHGHEDOD\DJHP9V
'DQV OD YRORQWp GH FRPSUHQGUH DX PLHX[ FHV GLIIpUHQWV SKpQRPqQHV GHV pWXGHV
VXSSOpPHQWDLUHV RQW pWp HIIHFWXpHV VXU OD SRVLWLRQ HW OH QRPEUH GH FDWLRQV VXEVWLWXDQWV Į
3:0R Į3:0R Į3:0R HW Į3:0R HW GHV FRPSDUDLVRQV HQWUH HVSqFHV
ODFXQDLUHVHWHVSqFHVVXEVWLWXpHV
II.2.2.b. Comparaison entre les isomères Ƚ1- et Ƚ2- 
/HV GHX[ LVRPqUHV SUpVHQWHQW OH FRPSRUWHPHQW VXLYDQW HQ YROWDPPpWULH F\FOLTXH XQH
SUHPLqUH YDJXH j XQ pOHFWURQ FRUUHVSRQGDQW DX FRXSOH 0R9,0R9 XQH VHFRQGH YDJXH j XQ
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


pOHFWURQSRXUOHFRXSOH:9,:9HWWURLVLqPHYDJXHjGHX[pOHFWURQVVXUODUpGXFWLRQGHVFHQWUHV
WXQJVWLTXHVILJXUH7RXWHIRLVGHVGLIIpUHQFHVGHSRWHQWLHOVGHUpGXFWLRQVVRQWREVHUYpHV
&RPPHDWWHQGXODUpGXFWLRQGXFHQWUH0R9,HVWSOXVIDFLOHHQSRVLWLRQĮTX¶HQSRVLWLRQĮ
'HVFDOFXOV WKpRULTXHVRQWPRQWUpTXH O¶pOHFWURQHVWSUpIpUHQWLHOOHPHQW VLWXp VXU OHVFHQWUHV
PpWDOOLTXHVGHODFRXURQQHGDQVOHVVWUXFWXUHV'DZVRQ/HSUHPLHUpOHFWURQSULVSDUOHFHQWUH
PRO\EGqQHGDQV O¶LVRPqUHĮHVWSDUWLHOOHPHQWGpORFDOLVpVXU OHV WXQJVWqQHVDGMDFHQWVGH OD
FRXURQQHGHODPROpFXOHDORUVTX¶LOHVWSLpJpVXUOHFKDSHDXSRXUO¶LVRPqUHĮ&HODHVWHQ
DFFRUGDYHF OHVUpVXOWDWVREWHQXVSDU%DNHUHWDOTXLRQWHIIHFWXpGHQRPEUHX[WUDYDX[VXU
O¶pWXGH GH OD GpORFDOLVDWLRQ GHV pOHFWURQV DMRXWpVDX VHLQ GHV VWUXFWXUHV GH GLIIpUHQWV 320V
VDWXUpVHW VXEVWLWXpV±/DSUHPLqUH UpGXFWLRQGXFHQWUH WXQJVWqQHHVW WRXMRXUVSOXV IDFLOH
SRXU O¶LVRPqUH Į $XGHOj GH FH VHFRQG SURFHVVXV UHGR[ OD GHQVLWp pOHFWURQLTXH VXU OD
FRXURQQHHVWVXSpULHXUHSRXUO¶LVRPqUHĮ/HIDLWGRQFGHYHQLUDMRXWHUXQWURLVLqPHpOHFWURQ
HVWSOXVGLIILFLOHSRXUFHGHUQLHUTXHSRXUO¶LVRPqUHĮSXLVTXHODFRXURQQHHVWSOXVSHXSOpH
HQpOHFWURQVFRQWUH2QREVHUYHGRQFXQHLQYHUVLRQVXUOH&9GHO¶RUGUHGHVYDJXHVOH
WURLVLqPH SURFHVVXV UHGR[ HVW GRQF SOXV IDFLOH FKH] Į TXH FKH] Į &HOD PRQWUH TXH OD
FRXURQQHFRQVWLWXHELHQXQH]RQHSUpIpUHQWLHOOHSRXUOH WUDQVIHUWG¶pOHFWURQGDQV ODVWUXFWXUH
'DZVRQ

)LJXUH$YROWDPPRJUDPPHVF\FOLTXHVGHĮ3:0RHWĮ3:0RjS+%
pYROXWLRQGXSRWHQWLHODSSDUHQWGHVWURLVSUHPLHUVSURFHVVXVUHGR[SRXUĮ3:0RHW
Į3:0RS+ 0+62YLWHVVHGHEDOD\DJHP9V
II.2.2.c. Ƚ-P2W15M3 
/HFRPSRUWHPHQWpOHFWURFKLPLTXHGHĮ3:0RDGpMjpWpGpFULW/HVVXEVWLWXDQWV0R9,VH
WURXYHQW WRXV OHV WURLV GDQV XQ PrPH FKDSHDX GH OD VWUXFWXUH HW VRQW GRQF VWUXFWXUHOOHPHQW
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&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


pTXLYDOHQWV$S+LOVVRQWUpGXLWVVXLYDQWWURLVSURFHVVXVUHGR[VXFFHVVLIVLPSOLTXDQWXQ
pOHFWURQFKDFXQHWGHYDQoDQWODUpGXFWLRQGXVTXHOHWWHWXQJVWLTXHILJXUH$%/HSUHPLHU
HVW LQGpSHQGDQW GX S+ $ XQ S+ WUqV IDLEOH S+   OD GHX[LqPH YDJXH IXVLRQQH DYHF OD
SUHPLqUHYDJXHSRXUGRQQHUXQHYDJXHjGHX[pOHFWURQV/DVpSDUDWLRQGHFHVGHX[YDJXHVVH
IDLWSURJUHVVLYHPHQWORUVTX¶RQDXJPHQWHOHS+GHODVROXWLRQILJXUH&WDEOHDX(QHIIHW
ODVHFRQGHHVWGpFDOpHYHUVOHVSRWHQWLHOVSOXVQpJDWLIVVKLIWGHP9SDUXQLWpGHS+DORUV
TXH OD SUHPLqUH QH ERXJH SDV /D WURLVLqPH YDJXH HVW GpFDOpH GH OD PrPH PDQLqUH TXH OD
VHFRQGHYHUVGHVSRWHQWLHOVSOXVQpJDWLIVVKLIWGHP9SDUXQLWpGHS+2QUHPDUTXHTXH
GDQVOHVGHX[FDVOHVKLIWHVWGLIIpUHQWGHODYDOHXUWKpRULTXHGHP9SDUXQLWpGHS+DWWHQGX
SRXUXQWUDQVIHUWG¶pOHFWURQFRXSOpjXQWUDQVIHUWGHSURWRQHWGLIIpUHQWG¶XQGHVHVPXOWLSOHV
RX TXRWLHQWV HQWLHUV 'DQV O¶LQWHUYDOOH GH SRWHQWLHOV H[SORUpV OD UpGXFWLRQ GHV FHQWUHV
WXQJVWLTXHVVHIDLWHQGHX[pWDSHVUHGR[VXFFHVVLYHVTXDVLUpYHUVLEOHV/RUVTXHO¶RQFRPSDUH
OHV&9VGHĮ3:0RHWGHĮ3:0RRQSHXWGLUHTXHODSUHPLqUHpWDSHGHUpGXFWLRQGHV
FHQWUHVWXQJVWqQHGXFRPSRVpĮ3:0RLPSOLTXHVL[pOHFWURQVHWODVHFRQGHGHX[pOHFWURQV
7DEOHDX  3RWHQWLHO UHGR[ DSSDUHQW SRXU OHV TXDWUH SUHPLHUV SURFHVVXV GH Į3:0R HQ
IRQFWLRQGXS+pOHFWURO\WH01D62+62
V vs. SCE E0·1 E0·2 E0·3 E0·4 
pH Mo (1e) Mo (1e) Mo (1e) W (6e) 
0.5 0.27 0.19 -0.09 -0.30 
1.0 0.27 0.16 -0.12 -0.34 
1.5 0.28 0.13 -0.14 -0.37 
2.0 0.29 0.11 -0.17 -0.41 
3.0 0.29 0.08 -0.21 -0.47 
-'E/ǻpH -0.01 0.04 0.05 0.07 

&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV



)LJXUH$YROWDPPRJUDPPHVF\FOLTXHVGHĮ3:0RHWĮ3:0RjS+%pYROXWLRQGXYROWDPPRJUDPPHF\FOLTXHGHĮ3:0RHQIRQFWLRQGXS+&YDULDWLRQGX
SRWHQWLHOUHGR[DSSDUHQWSRXUOHVTXDWUHSUHPLHUVSURFHVVXVGHĮ3:0RHQIRQFWLRQGXS+
pOHFWURO\WH01D62+62YLWHVVHGHEDOD\DJHP9V
,ODpWpPRQWUpTXHOHVWURLVSURFHVVXVUHGR[DVVRFLpVjODUpGXFWLRQGHVFHQWUHVPRO\EGLTXHV
GDQVO¶HVSqFHĮ>3:0R2@FRQILUPHQWTXHOHVWURLVpOHFWURQVUHVWHQWGpORFDOLVpVVXU OH
FKDSHDXGHODVWUXFWXUHHWGRQQHGRQFWURLVFHQWUHV0R9LGHQWLTXHV/HPrPHFRPSRUWHPHQW
HVW REVHUYp SRXU O¶HVSqFH VXEVWLWXp SDU GHV FDWLRQV YDQDGLTXHV Į>3:92@ /HV WURLV
FHQWUHV99VRQWUpGXLWVHQ9,9HQGHX[pWDSHVUHGR[WUqVSURFKHV/DUpGXFWLRQGHVFHQWUHV
YDQDGLTXHVDOLHXjGHVSRWHQWLHOVSOXVSRVLWLIVTXHOHVFHQWUHVPRO\EGLTXHVSRXUXQS+FRPSULV
HQWUHHWILJXUH
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&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


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)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVGHĮ3:9HWĮ3:0RjS+
S+ 01D62+62YLWHVVHGHEDOD\DJHP9V
II.2.2.d. Ƚ-P2W12M6 
/H YROWDPPRJUDPPH F\FOLTXH GH Į3:0R PRQWUH G¶DERUG WURLV SURFHVVXV UHGR[
UpYHUVLEOHVWUqVELHQGpILQLVFRUUHVSRQGDQWjODUpGXFWLRQGHVFHQWUHV0R9,ODSUHPLqUHYDJXH
pWDQWODUJHPHQWVpSDUpGHVGHX[VXLYDQWHV/DFRXORPpWULHjSRWHQWLHOFRQWU{OpFRQGXLWHjXQ
SRWHQWLHOGH9YV6&(jS+F
HVWjGLUHDSUqVOHVWURLVSUHPLHUVSURFHVVXVUHGR[
FRQVRPPHXQHFKDUJHpOHFWULTXHFRUUHVSRQGjVL[PROHVG¶pOHFWURQVSDUPROHVGH320HWRQ
HQFRQFOXWGRQFTX¶LO\DWURLVYDJXHVjGHX[pOHFWURQVFKDFXQHVILJXUH&HODFRQILUPHOHV
REVHUYDWLRQVHW VXSSRVLWLRQV IDLWHVSDU&RQWDQWHW DOTXLDYDLHQWpWDEOLVXQH UHODWLRQGLUHFWH
HQWUH OH QRPEUHGH0RVXEVWLWXDQWDXVHLQGH OD VWUXFWXUH'DZVRQHW OH QRPEUHG¶pOHFWURQV
LPSOLTXpGDQVOHVpFKDQJHVUHGR[GHVFHQWUHVPRO\EGLTXHV

)LJXUH$YROWDPPRJUDPPHVF\FOLTXHVGHĮ3:0RDYDQWHWDSUqVUpGXFWLRQGHVVL[FHQWUHVPRO\EGLTXHVGDQV+&OS+%FRXORPpWULHjSRWHQWLHOFRQWU{Opj9YV6&(
YLWHVVHGHEDOD\DJHP9V
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&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


/¶pWXGHHQIRQFWLRQGXS+PRQWUHTXHODSUHPLqUHYDJXHHVWLQGpSHQGDQWHGXS+ODVHFRQGH
HVWGpFDOpHGHP9SDUXQLWpGHS+YHUVOHVSRWHQWLHOVQpJDWLIVHWODWURLVLqPHGHP9SDU
XQLWpGHS+ILJXUHWDEOHDX

)LJXUH$pYROXWLRQGXYROWDPPRJUDPPHF\FOLTXHGHĮ3:0RHQIRQFWLRQGXS+
%YDULDWLRQGXSRWHQWLHOUHGR[DSSDUHQWSRXUOHVTXDWUHSUHPLHUVSURFHVVXVGHĮ3:0RHQIRQFWLRQGXS+
pOHFWURO\WH01D62+62YLWHVVHGHEDOD\DJHP9V
7DEOHDX  3RWHQWLHO UHGR[ DSSDUHQW SRXU OHV TXDWUH SUHPLHUV SURFHVVXV GH Į3:0R HQIRQFWLRQGXS+pOHFWURO\WH01D62+62
V vs. SCE E0·1 E0·2 E0·3 E0·4 
pH Mo (2e) Mo (2e) Mo (2e) W (4e) 
0.5 0.50 -0.07 -0.17 -0.40 
1.0 0.48 -0.10 -0.21 -0.45 
1.5 0.48 -0.12 -0.24 -0.48 
2.0 0.47 -0.14 -0.28 -0.53 
3.0 0.47 -0.19 -0.34 -0.61 
-'E/ǻpH -0.01 0.05 0.07 0.08 

&RPPH GDQV OH FDV GX 320 WULVXEVWLWXp OD FRPSDUDLVRQ DYHF VRQ DQDORJXH DX YDQDGLXP
FRQGXLWDX[PrPHVFRQFOXVLRQVILJXUHODWRWDOLWpGHVFHQWUHVYDQDGLTXHVVRQWSOXVIDFLOHV
j UpGXLUHTXH OHVFHQWUHV PRO\EGLTXHV PrPHVL LFL OHSUHPLHUSURFHVVXV UHGR[ LPSOLTXDQW
0R9,SDUDLWOpJqUHPHQWSOXVIDYRUDEOH
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&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV
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)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVGHĮ3:9HWĮ3:0RjS+
S+ 01D62+62YLWHVVHGHEDOD\DJHP9V
II.2.2.e. Comparaisons des espèces lacunaires avec les dérivés substitués 
4XDQGRQFRPSDUHFKDTXHHVSqFHVXEVWLWXpHDYHFVRQSDUHQWODFXQDLUHODPrPHWHQGDQFHVH
GpJDJH GDQV FKDTXH FDV ILJXUH  (Q HIIHW OHV SUHPLHUV pOHFWURQV YRQW rWUH DMRXWpV SOXV
IDFLOHPHQWVXUOHVFHQWUHVPRO\EGLTXHVRXYDQDGLTXHVTXHVXUOHVFHQWUHVWXQJVWLTXHV'HSOXV
ODSUHPLqUHpWDSHGHUpGXFWLRQGHVWXQJVWqQHVYDrWUHSOXVGLIILFLOHGDQVO¶HVSqFHVXEVWLWXpHTXH
O¶HVSqFHODFXQDLUHFHTXLHVWORJLTXHGXIDLWGHO¶DXJPHQWDWLRQGHVFKDUJHVORFDOHVDSUqVDMRXWV
GHVSUHPLHUVpOHFWURQV
,OHVWGRQFSRVVLEOHG¶pWDEOLUXQHUqJOHJpQpUDOHFRQFHUQDQWOHVHVSqFHVVXEVWLWXpHVSDU0R9,RX
99 GHV SRO\WXQJVWDWHV GH OD IDPLOOH 'DZVRQ OHV pOHFWURQV VRQW G¶DERUG WUDQVIpUpV VXU OHV
FHQWUHVYDQDGLTXHVRXPRO\EGLTXHVTXHOTXHVRLWOHXUQRPEUHRXOHXUSRVLWLRQ8QHIRLVTX¶LOV
VRQWWRXVUpGXLWVjXQpOHFWURQFKDFXQOHVpOHFWURQVVXSSOpPHQWDLUHVYRQWrWUHWUDQVIpUpVVXUOH
VTXHOHWWHWXQJVWLTXH/HVFHQWUHV0R9,HW99VRQWGRQFOHVVLWHVGHUpGXFWLRQSUpIpUHQWLHOVGDQV
FHWWHIDPLOOHGHFRPSRVpV

&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV



)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVjS+&RPSDUDLVRQHQWUHOHVGpULYpVODFXQDLUHVHW
OHVHVSqFHVVXEVWLWXpHVFRUUHVSRQGDQWHV$Į3:0RHWĮ3:%Į3:0RHWĮ3:&Į3:0RHWĮ3:
S+ 01D62+62YLWHVVHGHEDOD\DJHP9V
7RXWHVFHVFRQFOXVLRQVIDLWHVjODVXLWHGHVUpVXOWDWVH[SpULPHQWDX[RQWSXrWUHFRPSOpWpHVSDU
GHVpWXGHVWKpRULTXHV(QHIIHWFHVFRPSRVpVRQWIDLW O¶REMHWGHFDOFXOV WKpRULTXHVSDU')7
GHQVLW\ IXQFWLRQDO WKHRU\ TXL YLHQQHQW FRUURERUHU OHV GLIIpUHQWHV FRQFOXVLRQV IDLWHV
SUpFpGHPPHQW
II.2.3. Calculs théoriques par DFT 
&HV WUDYDX[ GH ')7 RQW pWp HIIHFWXpV SDU ; /ySH] HW 3 $ $SDULFLR GDQV OH FDGUH G¶XQH
FROODERUDWLRQ HQWUH O¶pTXLSH (OHFWURFKLPLH HW 3KRWRpOHFWURFKLPLH (3(& GX /DERUDWRLUH
&KLPLH3K\VLTXHGHO¶8QLYHUVLWp3DULV6XGHWO¶pTXLSH4XDQWXP&KHPLVWU\*URXSGLULJpSDU-
0 3REOHW 'HSDUWDPHQW GH 4XtPLFD )tVLFD L ,QRUJjQLFD 8QLYHUVLWDW 5RYLUD L 9LUJLOL
7DUUDJRQH(VSDJQH
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&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


/D')7HVWUHFRQQXHSRXUrWUHXQHWHFKQLTXHRSWLPDOHSRXUFRPSUHQGUHSUpGLUHHWPLPHUOHV
SURSULpWpVFKLPLTXHVGHV\VWqPHVDXVVLODUJHVTXHOHV320V/D')7SHUPHWQRWDPPHQWGH
UHSURGXLUHOHFRPSRUWHPHQWpOHFWURFKLPLTXHGHV320VHWGHPHWWUHHQDYDQWOHVGLIIpUHQFHV
HQWUHGHVFRPSRVpVGHVWUXFWXUHSURFKH/HVUpVXOWDWVH[SpULPHQWDX[REWHQXVRQWGRQFSXrWUH
UDWLRQDOLVpVJUkFHjFHWWHWHFKQLTXH/HVpWXGHVWKpRULTXHVVHVRQWIRFDOLVpHVVXUODGLVWULEXWLRQ
GHV pOHFWURQV FDSWpV SDU OHV FHQWUHV PpWDOOLTXHV HW VXU OHXUV UHODWLRQV DYHF OHV PHVXUHV
pOHFWURFKLPLTXHVH[SpULPHQWDOHV
II.2.3.a. Ƚ-P2W18ǡȽ2-P2W17ǡȽ-P2W15Mo3 Ƚ-P2W12Mo6 
/¶HVSqFH VDWXUpH Į3: HVW XQ R[\GDQW SOXV IRUW TXH VRQ DQDORJXH GH OD IDPLOOH .HJJLQ
>3:2@PDOJUpOHIDLWG¶DYRLUXQHFKDUJHQpJDWLYHVXSpULHXUHPDLVFHODV¶H[SOLTXHSDUOD
GLVWULEXWLRQGHODFKDUJH±VXUXQHVWUXFWXUHSOXVYROXPLQHXVH/HVSUHPLHUVpOHFWURQVFDSWpV
YRQW RFFXSHU OHV VLWHV pTXDWRULDX[ GRQW OH QLYHDX G¶pQHUJLH HVW LQIpULHXU j FHOXL GHV VLWHV
DSLFDX[2QGpILQLWOHVpQHUJLHVGHUpGXFWLRQ5(VHQH9WDEOHDXGHODPDQLqUHVXLYDQWH
5( (320QUHG±(320R[SRXUODUpDFWLRQ320R[QHĺ320QUHG
7DEOHDX(QHUJLHVGHUpGXFWLRQ5(VHQH9FDOFXOpHVSDU')7GHVGLIIpUHQWVFRPSRVpVpWXGLpV
 Į3: Į3:0R Į3:0R Į3:0R Į3:0R
qUHUpGXFWLRQ     H
QGHUpGXFWLRQ     
  Į3:9 Į3:9  
qUHUpGXFWLRQ     
QGHUpGXFWLRQ     

/HVpQHUJLHVGHUpGXFWLRQGHVHVSqFHVPRQRHWWULVXEVWLWXpHVVRQWVLPLODLUHVHQWUHHOOHV/D
SUpVHQFHG¶XQJURXSHPHQW0RHQUpJLRQDSLFDOHSHUPHWXQHGpORFDOLVDWLRQGHVpOHFWURQVDSUqV
O¶pWDSHGHUpGXFWLRQHWSDUFRQVpTXHQWSHUPHWO¶pWDSHGHUpGXFWLRQVXLYDQWHSOXVIDYRUDEOHTXH
TXDQG O¶pOHFWURQ HVW DMRXWp VXU XQ VHXO VLWH 0R9 GRQF SOXV ORFDOLVp /HV UpVXOWDWV GH ')7
PRQWUHQWTXHFKDTXHFHQWUHPRO\EGLTXHGXFKDSHDXYDUHWHQLU ODPrPHTXDQWLWpG¶pOHFWURQV
DMRXWpVDYHFXQHSDUWLFLSDWLRQGHVFHQWUHVWXQJVWLTXHVYRLVLQV
'DQV Į3:0R OD IRUPH HOOLSVRwGDOH UHSUpVHQWpH SDU OHV VL[ FHQWUHV PRO\EGLTXHV YD
IDYRULVHU ODGpORFDOLVDWLRQGHVpOHFWURQVDMRXWpVSOXVTXHGDQV OHĮ3:0R/¶pQHUJLHGH
UpGXFWLRQSRXUOHSUHPLHUSURFHVVXVUHGR[HVWGHFHIDLWSOXVQpJDWLYHHQFRUHFHTXLWUDGXLW
XQHUpGXFWLRQSOXV IDFLOH/HVUpVXOWDWVGH')7PRQWUHQWpJDOHPHQWTXH OHVTXDWUHSUHPLHUV
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


pOHFWURQVVRQWFRQILQpVVXUOHVTXDWUHFHQWUHVPRO\EGLTXHVGHVFRXURQQHVDYHFOjpJDOHPHQW
OD SDUWLFLSDWLRQ GHV FHQWUHV WXQJVWLTXHV DGMDFHQWV GH OD FRXURQQH &HV UpVXOWDWV PRQWUHQW
O¶LPSRUWDQFHpYLGHQWHGHODGpORFDOLVDWLRQGHVpOHFWURQVVXUOHVSURSULpWpVpOHFWURFKLPLTXHVGHV
320V
/¶pWXGHGHFRPSDUDLVRQHQWUHOHVGHX[LVRPqUHVPRQRVXEVWLWXpHVWTXDQWjHOOHPRLQVpYLGHQWH
HWGHPDQGHXQHSOXVJUDQGHDWWHQWLRQVXUOHVUpVXOWDWV
II.2.3.b. Ƚ1-P2W17Mo et Ƚ2-P2W17Mo 
$XGHOjGHO¶LPSRUWDQFHGHODGpORFDOLVDWLRQGHVpOHFWURQVGDQVOHVpWDSHVGHUpGXFWLRQGHFHV
FRPSRVpVRQDYXGDQVODSDUWLHH[SpULPHQWDOHOHU{OHFUXFLDOGHODSRVLWLRQGH0RDXVHLQGH
ODVWUXFWXUHSDVVHXOHPHQWVXU O¶pWDSHGHUpGXFWLRQGXFHQWUHPRO\EGLTXHPDLV VXU OHVGHX[
pWDSHVGHUpGXFWLRQVXLYDQWHV'DQVO¶LVRPqUHĮLO\D©FRPSpWLWLRQªHQWUH0R9,HQSRVLWLRQ
DSLFDOHHW OHVFHQWUHVWXQJVWLTXHVHQSRVLWLRQVpTXDWRULDOHV ,OIDXWSRXUFHODFRQVLGpUHUGHX[
LQIOXHQFHVLOHVRUELWDOHVYLGHVGH0R9,RQWXQHpQHUJLHSOXVIDLEOHTXHFHOOHVGHV:9,LL
OHVRUELWDOHVYLGHVGHODFRXURQQHRQWXQHpQHUJLHSOXVIDLEOHTXHFHOOHVGHVRUELWDOHVYLGHVGX
FKDSHDX/HVUpVXOWDWVGH')7PRQWUHQWTXHODUpGXFWLRQGH0R9,HQ0R9VLWXpGDQVOHFKDSHDX
HVWSOXV IDYRUDEOHGH P9TXH OD UpGXFWLRQGH:9, HQ :9 VLWXpGDQVXQHFRXURQQH/H
SUHPLHUpOHFWURQDMRXWpHVWGRQFORFDOLVpGDQVOHFKDSHDX'DQVO¶LVRPqUHĮOHFRPSRUWHPHQW
HVWVLPLODLUHPDOJUpOHIDLWTXHODGpORFDOLVDWLRQGHO¶pOHFWURQGHODSUHPLqUHpWDSHGHUpGXFWLRQ
VRLWSOXVLPSRUWDQWH/HFHQWUHPRO\EGLTXHYDUHWHQLUG¶pOHFWURQVDMRXWpVGDQVO¶LVRPqUH
ĮFRQWUHSRXUO¶LVRPqUHĮ2QDYXDXSDUDYDQW O¶LPSRUWDQFHGHODGpORFDOLVDWLRQGHV
pOHFWURQVDMRXWpVVXUODVWDELOLVDWLRQGX320UpGXLW/HSURFHVVXVGHUpGXFWLRQjXQpOHFWURQ
FDOFXOpHVWSOXVIDYRUDEOHGHPH9SRXUO¶LVRPqUHĮFHTXLHVWFRKpUHQWDYHFOHVUpVXOWDWV
H[SpULPHQWDX[FIILJXUH&HVUpVXOWDWVVXUO¶pWXGHGXSUHPLHUSURFHVVXVGHUpGXFWLRQGH
FHVGHX[LVRPqUHVVRQWFRQILUPpVSDUOHVpQHUJLHVGHUpGXFWLRQSRXUOHVHVSqFHVVXEVWLWXpHVDX
YDQDGLXP,ODpJDOHPHQWpWpFDOFXOpTXHOHVFHQWUHVYDQDGLTXHVYRQWUHWHQLUGHVpOHFWURQV
DMRXWpV&HODQRXVSHUPHWG¶pWDEOLUXQHGLIIpUHQFHG¶HQYLURQPH9PH9FDOFXOpVP9
PHVXUpVG¶pQHUJLHHQWUHOHVGHX[LVRPqUHVSRXUODSUHPLqUHpWDSHGHUpGXFWLRQ/HVGLIIpUHQFHV
TXH O¶RQSHXWREVHUYHU VXU OHVHVSqFHV VXEVWLWXpHVDX PRO\EGqQH  PH9 YLHQQHQWGH OD
GpORFDOLVDWLRQTXLHVWSOXVSURQRQFpH2QSHXWGRQFFRQFOXUHTXHODVWDELOLVDWLRQVXSpULHXUHGH
ODUpJLRQpTXDWRULDOHSDUUDSSRUWjODUpJLRQDSLFDOHHVWGLUHFWHPHQWOLpHDX[GLIIpUHQWVGHJUpV
GHGpORFDOLVDWLRQGHVpOHFWURQV
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


/HVUpVXOWDWVH[SpULPHQWDX[Q¶RQWSDVSHUPLVGHGLUHVLOHVHFRQGpOHFWURQDMRXWpTXLYDGDQV
OD]RQHpTXDWRULDOHHVWSOXV ORFDOLVp FDUDFWqUH0R,9RXSDUWLHOOHPHQWGpORFDOLVp FDUDFWqUH
:0R9H(QWKpRULHVLODSUHPLqUHpWDSHGHUpGXFWLRQFRQGXLWjGHVFHQWUHV0R9SRXUOHV
GHX[LVRPqUHVO¶pOHFWURQVXSSOpPHQWDLUHGHYUDLWDOOHUPDMRULWDLUHPHQWVXUXQ:9,HQSRVLWLRQ
pTXDWRULDOHjXQSRWHQWLHOSOXVQpJDWLIGXIDLWGHO¶DXJPHQWDWLRQGHODFKDUJHWRWDOHGX320
/HV SRWHQWLHOV GH UpGXFWLRQ FDOFXOpV SUpGLVHQW XQ VKLIW G¶HQYLURQ  PH9 HQWUH OHV GHX[
LVRPqUHV3RXUFRPSUHQGUHFHSKpQRPqQHQRXVDYRQVSURSRVpGHX[VROXWLRQVSRVVLEOHVSRXU
FHVHFRQGSURFHVVXVGHUpGXFWLRQLGHVpOHFWURQVDSSDULpVRXLLGHVpOHFWURQVQRQDSSDULpV
&KDTXHFDVGHILJXUHHVWDSSDUXSOXVVWDEOHSRXUXQVHXOGHVGHX[LVRPqUHV/DVROXWLRQDYHF
GHVpOHFWURQVQRQDSSDULpVHVWSOXVVWDEOHGHPH9SRXUO¶LVRPqUHĮFHTXLLQGLTXHTXHOH
VHFRQGpOHFWURQYDrWUHGpORFDOLVpVXUOHVDWRPHVGHWXQJVWqQHpYLWDQWDLQVLWRXWFDUDFWqUH0R,9
$O¶LQYHUVHODVROXWLRQDYHFOHVpOHFWURQVDSSDULpVHVWSOXVVWDEOHGHPH9SRXUO¶LVRPqUH
Į 3RXU OHV GHX[ LVRPqUHV OH VHFRQG pOHFWURQ LUD GRQF SUpIpUHQWLHOOHPHQW VXU OD UpJLRQ
pTXDWRULDOHPDLVG¶XQHPDQLqUHGLIIpUHQWHSRXUFKDTXHLVRPqUHF¶HVWjGLUHDYHFXQHpQHUJLH
GLIIpUHQWH/HVGLIIpUHQFHVG¶pQHUJLHVGHUpGXFWLRQFDOFXOpHVSRXUOHVHFRQGSURFHVVXVHQWUHOHV
GHX[ LVRPqUHVVRQWHQDFFRUGDYHF OHVUpVXOWDWVH[SpULPHQWDX[HWVRQWGRQF MXVWLILpHVSDU OH
FDUDFWqUH GLIIpUHQW GX VHFRQG pOHFWURQ SRXU FKDTXH LVRPqUH 2Q SHXW GRQF VXSSRVHU GHX[
IDFWHXUVLODUpSXOVLRQpOHFWURVWDWLTXHHHQRQIDYRUDEOHHWLLO¶DSSDULHPHQWGHVpOHFWURQV
IDYRUDEOHHWFKDTXH LVRPqUHDXQ IDFWHXUGRPLQDQW3RXU O¶LVRPqUHĮ OHSUHPLHUpOHFWURQ
RFFXSH GpMj OD UpJLRQ pTXDWRULDOH HW ELHQ TXH OH VHFRQG pOHFWURQ VXELVVH XQH UpSXOVLRQ LOV
SHXYHQWV¶DSSDULHUHWDLQVLDSSRUWHUXQHSOXVJUDQGHVWDELOLVDWLRQ(QUHYDQFKHSRXUO¶LVRPqUH
Į OH SUHPLHU pOHFWURQ HVW SLpJp GDQV XQH UpJLRQ DSLFDOH OHV RUELWDOHV VLWXpHV HQ UpJLRQ
pTXDWRULDOH VRQW OLEUHVSRXUDFFXHLOOLU O¶pOHFWURQVXSSOpPHQWDLUHDSSRUWpDXFRXUVGXVHFRQG
SURFHVVXV GH UpGXFWLRQ &HOD FRQGXLW j XQ DYDQWDJH pOHFWURVWDWLTXH FRPSDUp j Į HW
O¶DSSDULHPHQWGHVpOHFWURQVFDVGHILJXUHPRLQVVWDEOHQ¶HVWSOXVSRVVLEOH2QSHXWHQGpGXLUH
TXH DXVVL ORQJWHPSV TXH OD UpJLRQ pTXDWRULDOH GX 320 VHUD VXIILVDPPHQW JUDQGH SRXU
SHUPHWWUHODGpORFDOLVDWLRQOHVGHX[SUHPLHUVpOHFWURQVVHURQWDSSDULpVHWVWDELOLVpVILJXUH
$SUqV DYRLU ELHQ FRPSULV FHV GLIIpUHQWV SKpQRPqQHV LO HVW SOXV IDFLOH GH FRPSUHQGUH FHX[
FRQFHUQDQW OH WURLVLqPH SURFHVVXV GH UpGXFWLRQ /¶LVRPqUH Į FRQWLHQW XQ pOHFWURQ GDQV XQ
FKDSHDXHWXQGDQVXQHFRXURQQH/HWURLVLqPHpOHFWURQSHXWGRQFV¶DSSDULHUDYHFXQGHVGHX[
FHOXLGHODFRXURQQHpWDQWOHSOXVIDYRUDEOH3RXUO¶LVRPqUHĮDXFXQDYDQWDJHSDUUDSSRUWj
Į Q¶HVW HQYLVDJHDEOH SXLVTXH OD UpJLRQ pTXDWRULDOH HVW GpMj IRUWHPHQW SHXSOpH SDU GHX[
pOHFWURQVDSSDULpV'HSOXVOHWURLVLqPHpOHFWURQHVWREOLJpG¶DOOHUGDQVODUpJLRQpTXDWRULDOH
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


RDXFXQDSSDULHPHQWQ¶HVWSOXVSRVVLEOH3DUFRQVpTXHQWXQHIRUWHUpSXOVLRQpOHFWURVWDWLTXH
YDUHQGUHFHSURFHVVXVPRLQVIDYRUDEOHTXHSRXUVRQKRPRORJXHGDQVOHFDVGHODWURLVLqPH
pWDSHGHUpGXFWLRQGHO¶LVRPqUHĮILJXUH&HODHQJHQGUHXQHLQYHUVLRQGDQVO¶RUGUHGHV
YDJXHVREVHUYpHVHQYROWDPPpWULHF\FOLTXHSRXUFHWURLVLqPHSURFHVVXVUHGR[HQWUHOHVGHX[
LVRPqUHV

)LJXUH5HSUpVHQWDWLRQGHVGHX[LqPHHWWURLVLqPHSURFHVVXVGHUpGXFWLRQSRXUOHVLVRPqUHV
ĮHWĮ3:0R
II.2.4. Dérivés molybdiques de la famille Keggin Ƚ-SiW12-xMox (x = 1, 
2 et 3) et dimère (Ƚ-SiW9Mo2)2Eu 
II.2.4.a. Ƚ-SiW12-xMox (x = 1, 2 et 3) 
&KDTXHHVSqFHVXEVWLWXpH PRQWUH OH PrPHFRPSRUWHPHQWTXHFHOXLREVHUYpSRXU OD IDPLOOH
'DZVRQ (Q HIIHW HW VDQV VXUSULVH OHV FHQWUHV PRO\EGLTXHV VRQW WRXMRXUV OHV FHQWUHV GH
UpGXFWLRQSUpIpUHQWLHOOHGHV320V
,QWpUHVVRQVQRXVG¶DERUGDX[YDJXHVUpYHUVLEOHVILJXUH2QREVHUYHWURLVYDJXHVPRQR
pOHFWURQLTXHV VXFFHVVLYHV SRXU OH FRPSRVp WULVXEVWLWXp Į6L:0R FRUUHVSRQGDQW j OD
UpGXFWLRQ VXFFHVVLYH GHV WURLV FHQWUHV 0R9, HQ 0R9 OD SUHPLqUH pWDQW LQGpSHQGDQWH GX S+
FRQWUDLUHPHQW j OD VHFRQGH  P9S+ HW j OD WURLVLqPH YDJXH  P9S+ /H PrPH
FRPSRUWHPHQWpOHFWURFKLPLTXHHVWREVHUYpSRXU OHFRPSRVpGLVXEVWLWXpĮ6L:0RDYHF
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


GHX[YDJXHVPRQRpOHFWURQLTXHVLQGpSHQGDQWHVGXS+FRUUHVSRQGDQWjODUpGXFWLRQGHVGHX[
FHQWUHV 0R9, HQ 0R9 'DQV OD JDPPH GH SRWHQWLHOV pWXGLpV DXFXQH YDJXH UpYHUVLEOH GH
UpGXFWLRQ GHV FHQWUHV WXQJVWLTXHV Q¶HVW REVHUYp SRXU FHV FRPSRVpV /H FRPSRUWHPHQW GX
FRPSRVp PRQRVXEVWLWXp Į6L:0R HVW OpJqUHPHQW GLIIpUHQW 2Q REVHUYH GHX[ YDJXHV
PRQRpOHFWURQLTXHVHWLQGpSHQGDQWHGXS+IRUWHPHQWVpSDUpHVO¶XQHGHO¶DXWUHFRUUHVSRQGDQW
jODUpGXFWLRQGXFHQWUH0R9,HQ0R9SXLVGHVFHQWUHV:9,/DFRPSDUDLVRQDYHFVRQSDUHQW
Į6L:FRQILUPHFHVK\SRWKqVHVOHFRPSRUWHPHQWpOHFWURFKLPLTXHGHFHFRPSRVppWDQWELHQ
FRQQXDYHFGHX[YDJXHVPRQRpOHFWURQLTXHVLQGpSHQGDQWHVGXS+HWXQHWURLVLqPHYDJXHEL
pOHFWURQLTXHGpSHQGDQWHGXS+/HGpULYpPRQRVXEVWLWXpPRQWUHGRQFXQHQRXYHOOHIRLVXQ
FRPSRUWHPHQWjPLFKHPLQO¶HVSqFHVDWXUpHWO¶HVSqFHODFXQDLUHTXLSUpVHQWHGHX[YDJXHVEL
pOHFWURQLTXHVFRPPHF¶pWDLW OHFDVSRXU OD IDPLOOH'DZVRQ/HVSRWHQWLHOVREWHQXVVRQWHQ
DFFRUGDYHFOD OLWWpUDWXUHWDEOHDX OHVQRPEUHVG¶pOHFWURQVpFKDQJpVSDUYDJXHRQWpWp
REWHQXVSDUFRXORPpWULHjSRWHQWLHOFRQWU{OpVXUFKDFXQGHVWURLVFRPSRVpVVXEVWLWXpV
(QFHTXLFRQFHUQHOHVYDJXHVVXLYDQWHVOHVTXDWUHFRPSRVpVRQWOHPrPHFRPSRUWHPHQWRQ
REVHUYHXQHRXGHX[YDJXHV PXOWLpOHFWURQLTXHVHW LUUpYHUVLEOHV FI DQQH[H ,,(OOHV VH
WURXYHQWGDQV ODPrPH]RQHGHSRWHQWLHOSRXUOHVWURLVFRPSRVpV VXEVWLWXpVjGHVSRWHQWLHOV
SOXV SRVLWLIV TXH SRXU OH FRPSRVp VDWXUp Į6L: /H IDLW G¶DOOHU YHUV GHV SRWHQWLHOV DXVVL
QpJDWLIVYDHQWUDLQHUO¶DGVRUSWLRQGXSURGXLWUpGXLWVXUODVXUIDFHGHO¶pOHFWURGHGHWUDYDLODLQVL
TXH VD GpFRPSRVLWLRQ FH TXL H[SOLTXH OD PDXYDLVH GpILQLWLRQ GHV YDJXHV G¶R[\GDWLRQV HW
O¶DSSDULWLRQG¶XQHQRXYHOOHYDJXHHQR[\GDWLRQTXLSRXUUDLWFRUUHVSRQGUHjODUHGLVVROXWLRQGX
FRPSRVpDGVRUEpHQVROXWLRQ3RXUFHVFRPSRVpVGLHWWULVXEVWLWXpVRQREVHUYHGRQFOHPrPH
FRPSRUWHPHQWTXHSRXUOHVFRPSRVpVWULHWKH[DVXEVWLWXpVGHODIDPLOOH'DZVRQjVDYRLUOHV
YDJXHVGHUpGXFWLRQGHVFHQWUHVPRO\EGLTXHVSUpFqGHQW OHVYDJXHVGHUpGXFWLRQGXVTXHOHWWH
WXQJVWLTXH&HVUpVXOWDWVPRQWUHQWTXHOHFRPSRUWHPHQWUHGR[HVWOHPrPHSRXUGHVGpULYpV
VXEVWLWXpVSDUGXPRO\EGqQHTX¶LOVVRLHQWGHODIDPLOOH.HJJLQRXGHODIDPLOOH'DZVRQHWFHFL
TXHOTXHVRLWO¶KpWpURpOpPHQW
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV

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)LJXUHYROWDPPRJUDPPHVF\FOLTXHVjS+GHVYDJXHVUpYHUVLEOHVGH$Į6L:0R%
Į6L:0R&Į6L:0RHW'Į6L:S+ 0/L62+62YLWHVVHGHEDOD\DJHP9V
/¶pWXGH pOHFWURFKLPLTXH GH FHV GpULYpV D pWp FRPSOpWpH SDU GHV H[SpULHQFHV GH
VSHFWURpOHFWURFKLPLHF
HVWjGLUHO¶pOHFWURFKLPLHFRXSOpHjODVSHFWURVFRSLH89YLVLEOH&HWWH
WHFKQLTXH SHUPHW G¶HQUHJLVWUHU GHV VSHFWUHV 89±YLVLEOH DX FRXUV G¶XQH pOHFWURUpGXFWLRQ
*UkFH j FH PRQWDJH VSpFLILTXH RQ SHXW REWHQLU OD VLJQDWXUH VSHFWURVFRSLTXH SURSUH SRXU
FKDTXHpWDWVWDEOHGHUpGXFWLRQGX320'HSOXVODSUpVHQFHG¶XQSRLQWLVREHVWLTXHORQJXHXU
G¶RQGH j ODTXHOOH O¶DEVRUEDQFH QH FKDQJH SDV DX FRXUV GH OD UpGXFWLRQ VXU OHV GLIIpUHQWV
VSHFWUHVSHUPHWGHV¶DVVXUHUGHODVWDELOLWpVWUXFWXUDOHGX320



&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


7DEOHDX3RWHQWLHOVUHGR[DSSDUHQWVGHVSURFHVVXVUpYHUVLEOHVjS+GHVTXDWUHFRPSRVpV
VLOLFRWXQJVWDWHV0/L62+62
V vs. SCE E·1 E·2 E·3 
ơ-SiW12 -0.208 -0.464 -0.673 
1RPEUHG·pOHFWURQV (centre réduit) 1 (WVI) 1 (WVI) 2 (WVI) 
ơ-SiW11Mo 0.345 -0.368 - 
1RPEUHG·pOHFWURQV (centre réduit) 1 (MoVI) 1 (WVI) - 
ơ-SiW10Mo2 0.374 0.077 - 
1RPEUHG·pOHFWURQV (centre réduit) 1 (MoVI) 1 (MoVI) - 
ơ-SiW9Mo3 0.389 0.185 -0.205 
1RPEUHG·pOHFWURQV (centre réduit) 1 (MoVI) 1 (MoVI) 1 (MoVI) 

/HV SRO\R[RPRO\EGDWHV VRQW FRQQXV SRXU OHXU IDFLOLWp j YLUHU YHUV XQH FRXOHXU EOHXH WUqV
SURQRQFpHORUVGHOHXUUpGXFWLRQ©KHWHURSRO\EOXHVª&HWWHSURSULpWpHVWDXVVLYpULILpHSRXU
OHVSRO\R[RWXQJVWDWHVVXEVWLWXpVSDUGXPRO\EGqQHHWRQREVHUYHGRQFO¶DSSDULWLRQGHEDQGHV
G¶LQWHUYDOHQFHGDQV OHGRPDLQHGXYLVLEOHDLQVLTXHGHVWUDQVLWLRQVGHW\SH GĺGSRXU OHV
320VpWXGLpVjO¶pWDWUpGXLWILJXUH8QIDLWSDUWLFXOLHUHVWjQRWHUORUVTXHODWRWDOLWpGHV
FHQWUHVPRO\EGLTXHVVRQWUpGXLWV OHVSHFWUH89YLVLEOHFRUUHVSRQGDQWJDUGHODPrPHDOOXUH
TXHOTXHVRLWOHFRPSRVpDYHFXQPD[LPDGHSLFDXWRXUGHQP
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV



)LJXUH6SHFWUHV89YLVLEOHORUVGHVSUHPLHUVpWDWVGHUpGXFWLRQREWHQXVDXFRXUVGHV
H[SpULHQFHVGHVSHFWURpOHFWURFKLPLHSRXU$Į6L:0R%Į6L:0RHW&Į6L:0R
II.2.4.b. Dimère Eu(Ƚ-SiW9Mo2)2 
/¶pWXGH GX SUpFXUVHXU Į6L:0R Q¶HVW SDV DLVpH HQ PLOLHX DFLGH GX IDLW GH VD WUqV IDLEOH
VWDELOLWp 7RXWHIRLV LO D pWp PRQWUp TXH FH FRPSRVp SUpVHQWDLW XQH YDJXH j GHX[ pOHFWURQV
FRUUHVSRQGDQWjODUpGXFWLRQGHVGHX[FHQWUHV0R9,VXLYLG¶XQHYDJXHPXOWLpOHFWURQLTXHSRXU
OHVTXHOHWWHWXQJVWLTXH(QFHTXLFRQFHUQHOHFHQWUHHXURSLXPFHUWDLQVRQWUpXVVLjPRQWUHU
VDSUpVHQFHHQpOHFWURFKLPLHDXVHLQG¶XQFRPSRVp320(XjXQSRWHQWLHODXWRXUGH±
9YV$J$J&OjS+HWTXLFRUUHVSRQGDXFRXSOH(X,,,(X,,
/HGLPqUHHVWVWDEOHjS+HQPLOLHXVXOIDWHGHOLWKLXP3RXUGHVYDOHXUVGHS+SOXVIDLEOH
YRLU SOXV ORLQ LO VH GpFRPSRVH OHQWHPHQW SRXUGRQQHU OH FRPSRVp VDWXUp Į6L:0R /D
ILJXUHFLGHVVRXVSUpVHQWHOHV&9VGXGLPqUHHWGHĮ6L:0RHQUHJLVWUpVGDQVOHVPrPHV
FRQGLWLRQVHWUHVWUHLQWVDX[SURFHVVXVUHGR[DWWULEXpVDX[FHQWUHV0R9,GHVGHX[FRPSRVpV
/H&9GXGLPqUHPRQWUHXQHYDJXHTXDVLUpYHUVLEOHDYHF(SF ±9YV6&(HW'( 
9'( (SD(SF6XUOH&9GHĮ6L: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&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


OLHXjGHVYDOHXUVGHSRWHQWLHOVELHQSOXVQpJDWLIV±9YV6&(&¶HVWXQSURFHVVXVWUqV
LUUpYHUVLEOHFRPSDUpjFHOXLGXGLPqUH
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)LJXUH9ROWDPPPRJUDPPHVF\FOLTXHVGXGLPqUHHWGHĮ6L:0RjS+&RQFHQWUDWLRQGX320î0(OHFWURGHGHWUDYDLO(3*S+0/L62
+62YLWHVVHGHEDOD\DJHP9V
8QHH[SpULHQFHGHFRXORPpWULHjSRWHQWLHOFRQWU{OpUpDOLVpHDXSRWHQWLHOGH±9YV6&(D
FRQVRPPpPROHVG¶pOHFWURQVSDUPROHGXGLPqUHFHTXLVLJQLILHTXHOHVFHQWUHV0R9,GH
OD PROpFXOH VRQW WRXV OHVTXDWUHUpGXLWVj O¶pWDW0R9SDUFDSWXUHG¶XQpOHFWURQFKDFXQ OD
VROXWLRQYLUDQWDXYLROHW(QUDPHQDQWOHSRWHQWLHOj9YV6&(pWDSHGHUpR[\GDWLRQRQ
UpFXSqUHSOXVGHGHODFKDUJHFRQVRPPpHDXFRXUVGHODSUHPLqUHpWDSHGHUpGXFWLRQHWOD
VROXWLRQUHGHYLHQWLQFRORUH/HV&9WUDFpVHQWUHOHVGLIIpUHQWHVpWDSHVPRQWUHQWTXHOHFRPSRVp
QHVHGpJUDGHSDVDXFRXUVGHVDUpGXFWLRQHWVDUpR[\GDWLRQ$XGHOjGHFHWWHSUHPLqUHYDJXH
UHGR[RQREVHUYHXQHJUDQGHYDJXHUHGR[ LUUpYHUVLEOHDYHFXQSLFGHSRWHQWLHOGHUpGXFWLRQ
ORFDOLVpj±9YV6&(ILJXUH
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV
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)LJXUH9ROWDPPRJUDPPHF\FOLTXHGXGLPqUHjS+
&RQFHQWUDWLRQGX320î0(OHFWURGHGHWUDYDLO(3*S+0/L62+62YLWHVVHGHEDOD\DJHP9V 
,OQRXVHVWDSSDUXLQWpUHVVDQWGHFRPSDUHUOHGLPqUHDYHFOHGpULYpVLOLFRWXQJVWLTXHGHW\SH
.HJJLQFRQWHQDQWWURLVFHQWUHV0R9,Į6L:0RG¶XQSRLQWGHYXFRPSRUWHPHQWUHGR[HW
SURSULpWpVpOHFWURFDWDO\WLTXHV
x &RPSDUDLVRQGXFRPSRUWHPHQWUHGR[GXGLPqUHHWGHĮ6L:0R
/D ILJXUHFLGHVVRXVSUpVHQWHOHV&9VGXGLPqUHHWGHĮ6L:0RGDQV0/L62
+62S+%LHQTXHOHVWURLVFHQWUHV0R9,GXFRPSRVpĮ6L:0RVRLHQWpTXLYDOHQWV
OHXUUpGXFWLRQQHVHIDLWSDVHQXQHVHXOHpWDSHFRPPHF¶HVWOHFDVSRXUOHGLPqUH(QHIIHWOH
&9 GH FH FRPSRVp SUpVHQWH  YDJXHV PRQRpOHFWURQLTXHV VXFFHVVLYHV FRUUHVSRQGDQWV j OD
UpGXFWLRQjXQpOHFWURQGHFKDFXQGHVWURLVFHQWUHV0R9,2QVHUDSSHOOHTXHGDQVOHVPrPHV
FRQGLWLRQVRQREVHUYHXQHYDJXHXQLTXHjTXDWUHpOHFWURQVSRXUOHGLPqUH2QVDLWTXHGXIDLW
GH OD V\PpWULH GX GLPqUH OHV TXDWUH FHQWUHV 0R9, VRQW pTXLYDOHQWV HWRQW OHXUV RUELWDOHV
PROpFXODLUHVDXPrPHQLYHDXG¶pQHUJLHORUVTXHODPROpFXOHVHWURXYHGDQVVRQpWDWR[\Gp/D
FDSWXUH GHV TXDWUH pOHFWURQV TXRLTXH UDSLGH UHVWH PXOWLpWDSHV FRPPH TXDVLPHQW WRXWH
UpGXFWLRQSOXULpOHFWURQLTXH2QV¶DWWHQGDLWGRQFjREVHUYHUXQHOHYpHGHGpJpQpUHVFHQFHGqV
ODFDSWXUHGXSUHPLHUpOHFWURQTXLFRQGXLUDLWj O¶pFODWHPHQWGHODYDJXHHQSOXVLHXUVGHX[
SURFHVVXVELpOHFWURQLTXHVRXTXDWUHSURFHVVXVPRQRpOHFWURQLTXHV&¶HVW OHSKpQRPqQHTXL
HVWREVHUYpDXFRXUVGHODUpGXFWLRQGHVWURLVFHQWUHV0R9,GXFRPSRVpĮ6L:0RTXLVRQW
pTXLYDOHQWVORUVTX¶HOOHHVWGDQVVRQpWDWOHSOXVR[\GpPDLVSRXUOHVTXHOVRQREVHUYHXQHOHYpH
GH GpJpQpUHVFHQFH GqV O¶DGGLWLRQ GX SUHPLHU pOHFWURQ 2Q REWLHQW WURLV YDJXHV PRQR
pOHFWURQLTXHVVXFFHVVLYHVVXUOH&9GHĮ6L:0RDORUVTXHOH&9GXGLPqUHGDQVOHVPrPHV
FRQGLWLRQV SUpVHQWH XQH VHXOH YDJXH WpWUDpOHFWURQLTXH /D OHYpH GH GpJpQpUHVFHQFH QH VH
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


SURGXLWSDVGDQVFHFDVFLOHVTXDWUHFHQWUHV0RUHVWHQWpTXLYDOHQWVWRXWDXORQJGHO¶DGGLWLRQ
GHVTXDWUHpOHFWURQV
  
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)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVGXGLPqUHHWGHĮ6L:0RjS+
&RQFHQWUDWLRQGX320î0(OHFWURGHGHWUDYDLO(3*S+0/L62
+62YLWHVVHGHEDOD\DJHP9V
&HFRPSRUWHPHQWGHYUDLWDYRLUXQHLQIOXHQFHEpQpILTXHVXUOHVSURSULpWpVpOHFWURFDWDO\WLTXHV
GX GLPqUH (Q HIIHW HQ pOHFWURFDWDO\VH OHV FRPSRVpV OHV SOXV LQWpUHVVDQWV VRQW FHX[ TXL
SHXYHQWpFKDQJHUOHSOXVJUDQGQRPEUHG¶pOHFWURQVHQXQHVHXOHpWDSH
&RPPHGLWSOXVKDXWOHSURGXLWDWHQGDQFHjVHGpFRPSRVHUUDSLGHPHQWHQĮ6L:0RjS+
ILJXUH
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)LJXUH(YROXWLRQGXYROWDPPRJUDPPHVF\FOLTXHVjS+GXGLPqUHHXURSLXPHQIRQFWLRQ
GXWHPSVHWFRPSDUDLVRQDYHFĮ6L:0RS+ 0/L62+62YLWHVVHGHEDOD\DJHP9V

&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


x $FWLYLWppOHFWURFDWDO\WLTXHGXGLPqUHYLVjYLVGHODUHGXFWLRQGH2HW+2
1RXV QRXV VRPPHV LQWpUHVVpV j O¶HIILFDFLWp pOHFWURFDWDO\WLTXH GX GLPqUH YLVjYLV GH OD
UpGXFWLRQGXGLR[\JqQHG¶XQHSDUWHWYLVjYLVGHODUpGXFWLRQGXSHUR[\GHG¶K\GURJqQHG¶DXWUH
SDUW (Q HIIHW LO HVW LPSRUWDQW GH YpULILHU OHV GHX[ SURFHVVXV HW VXUWRXW GH FRPSDUHU OHXUV
216(7VUHVSHFWLIVLHODYDOHXUGHSRWHQWLHORGpEXWHODUpDFWLRQpOHFWURFDWDO\WLTXH'DQVOH
FDV GX GLPqUH ORUVTXH O¶RQ FRPSDUH O¶216(7 GX GLR[\JqQH DYHF FHOXL GX SHUR[\GH
G¶K\GURJqQH RQ VH UHQG FRPSWH TXH FH GHUQLHU HVW VXSpULHXU j FHOXL GX GLR[\JqQH &H TXL
VLJQLILHTXHO¶pOHFWURUpGXFWLRQGH+2HVWSOXVIDFLOHjUpDOLVHUjO¶DLGHGXGLPqUH'XFRXS
ORUVTXHO¶RQV¶LQWpUHVVHUDjO¶pOHFWURUpGXFWLRQGH2FHWWHGHUQLqUHQHV¶DUUrWHSDVjODIRUPDWLRQ
GH+2PDLVYDVHSRXUVXLYUHMXVTX¶jO¶pWDSHXOWLPHGHIRUPDWLRQGH+2
/DUpDFWLRQGHUpGXFWLRQGXGLR[\JqQHHQHDXFRQVRPPHTXDWUHPROHVG¶pOHFWURQVHWTXDWUH
PROHVGHSURWRQVSDUPROHGHGLR[\JqQHUpGXLWH'DQVOHPLOLHX0/L62+62S+
 OH GLPqUH HVW VWDEOH 6RQ &9 HQUHJLVWUp SRXU XQH FRQFHQWUDWLRQ GH 320 GH î 0
SUpVHQWH XQH YDJXH j TXDWUH pOHFWURQV 2Q VH UHQG FRPSWH TXH OH QRPEUH G¶pOHFWURQV HW OH
UDSSRUWGHFRQFHQWUDWLRQSURWRQVVXU320>+@>320@ UHVSHFWHQWELHQODVW°FKLRPpWULH
GHO¶pTXDWLRQ2+H +2
/DILJXUH$FRQILUPHELHQTXHODUpGXFWLRQGHSHUR[\GHG¶K\GURJqQHHVWSOXVIDFLOHTXHFHOOH
GX GLR[\JqQH '¶DXWUH SDUW RQ FRQVWDWH TXH HQ FH TXL FRQFHUQH OD UpGXFWLRQ GH SHUR[\GH
G¶K\GURJqQH O¶HIILFDFLWp GH FHWWH UpDFWLRQ DXJPHQWH DX FRXUV GHV F\FOHV VXFFHVVLIV ILJXUH
% &H SKpQRPqQH G¶DFWLYDWLRQ Q¶HVW SDV REVHUYp DYHF OH FRPSRVp Į6L:0R TXL SDU
DLOOHXUVHVWPRLQVHIILFDFHTXHOHGLPqUHHWSRXUOHTXHOVLO¶RQVHILHDX[216(7VUHOHYpVVXU
OHV&9VFIDQQH[H,,ODUpGXFWLRQGH+2FRPPHQFHjGHVSRWHQWLHOVSOXVQpJDWLIVTXH
FHOOHGH2
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV
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
)LJXUH$9ROWDPPRJUDPPHVF\FOLTXHVGXGLPqUHVHXOVRXVDWPRVSKqUHG¶DUJRQHQ
SUpVHQFHGH2VROXWLRQVDWXUpHSDUEDUERWDJHHWPDLQWHQXHVRXVXQHSUHVVLRQSRVLWLYHGH2HWHQSUpVHQFHGH+2jS+%9ROWDPPRJUDPPHVF\FOLTXHVVXFFHVVLIVGXGLPqUHHQ
SUpVHQFHGH+2jS+
&RQFHQWUDWLRQGX320î0(OHFWURGHGHWUDYDLO(3*S+0/L62+62YLWHVVHGHEDOD\DJHP9V
&HGLPqUHSDUDLWGRQFLQWpUHVVDQWQRWDPPHQWSRXUGHVpWXGHVG¶pOHFWUROXPLQHVFHQFHSXLVTX¶LO
DODIDFXOWpGHSRXYRLUpFKDQJpTXDWUHpOHFWURQVG¶XQFRXSjXQVHXOSRWHQWLHO,OIDXGUDLWGRQF
FRPSOpWHUO¶pWXGHGHFHFRPSRVpSDUXQHFDUDFWpULVDWLRQHQOXPLQHVFHQFH
/¶DQDO\VHSDUVSHFWURVFRSLH89YLVLEOHGXFRPSRVpUpGXLWjTXDWUHpOHFWURQVPRQWUHXQHDOOXUH
VLPLODLUHDX[FRPSRVpV VXEVWLWXpV UpGXLWVSUpVHQWpVDXSDUDYDQWDYHF WRXWHIRLVXQ OpJHU VKLIW
G¶XQHYLQJWDLQHGHQDQRPqWUHVYHUVGHSOXVJUDQGHVORQJXHXUVG¶RQGHVSRXUOHPD[LPDGHSLF
H[SOLFDEOHSDUXQHGpORFDOLVDWLRQGHVpOHFWURQVDMRXWpVGLIIpUHQWHGXIDLWGHODVWUXFWXUHGX320
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)LJXUH6SHFWUHV89±YLVLEOHGHĮ6L:0R(XUpGXLWjTXDWUHpOHFWURQVHWĮ6L:0RUpGXLWjpOHFWURQV
&RQFHQWUDWLRQGX3200S+ 0/L62+62
&KDSLWUH,,±6\QWKqVHVHWpWXGHVpOHFWURFKLPLTXHVGHVSRO\R[RPpWDOODWHV


Conclusion 
&H VHFRQG FKDSLWUH D pWp FRQVDFUp j OD V\QWKqVH HW O¶pWXGH pOHFWURFKLPLTXH GH GLIIpUHQWV
SRO\SKRVSKRWXQJVWDWHVVXEVWLWXpVGHODIDPLOOH'DZVRQĮ3:[0[R0 0R9,RX99HW
[ RX/HVGLIIpUHQWHVpWXGHVRQWSHUPLVGHFRPSUHQGUH OHVGLIIpUHQWV PpFDQLVPHV
G¶pFKDQJHVG¶pOHFWURQVDXVHLQGHVGLIIpUHQWHVVWUXFWXUHV&HVpWXGHVH[SpULPHQWDOHVRQWpWp
FRPSOpWpHVSDUGHVFDOFXOVWKpRULTXHVSDU')7TXLRQWDPHQpVGDYDQWDJHG¶LQIRUPDWLRQVSRXU
ODFRPSUpKHQVLRQGHVGLIIpUHQWVSKpQRPqQHV/¶LQVHUWLRQGHVpOHFWURQVDXVHLQGHODVWUXFWXUH
GX320YDHQJHQGUHUGHX[SKpQRPqQHVSULQFLSDX[ODVWDELOLVDWLRQG¶XQFRXSOHG¶pOHFWURQV
SDUDSSDULHPHQWHWODVWDELOLVDWLRQpOHFWURVWDWLTXH&HVpOHFWURQVYRQWpJDOHPHQWrWUHGpORFDOLVpV
VXU O¶HQVHPEOH GHV VLWHV DSLFDX[ RX pTXDWRULDX[ VHORQ OH 320 &KDTXH FRPSRVp D VHV
FDUDFWpULVWLTXHVSURSUHVHWLODSXrWUHLGHQWLILpTXHOHVVLWHVpTXDWRULDX[VRQWOHVSUHPLHUVjrWUH
UpGXLWV7RXWHIRLVOHVFHQWUHVPRO\EGLTXHVVRQWGDYDQWDJHSULYLOpJLpVORUVGHVSUHPLqUHVpWDSHV
GH UpGXFWLRQ FUpDQW DLQVL XQ FRPSRUWHPHQW PL[WH SRXU FHUWDLQV FRPSRVpV FRPPH O¶HVSqFH
PRQRVXEVWLWXpĮ3:0R
&HWWHpWXGHDHQVXLWHpWpFRPSOpWpHSDUO¶DQDO\VHGHFRPSRVpVDQDORJXHVGHODIDPLOOH.HJJLQ
TXLDDSSX\pOHVGLIIpUHQWHVK\SRWKqVHVIDLWHVDXSDUDYDQWVXU ODIDPLOOH'DZVRQ(QHIIHWOH
FRPSRUWHPHQWpOHFWURFKLPLTXHHQIRQFWLRQGXQRPEUHGHVXEVWLWXDQWVYDrWUHUHSURGXLWSRXU
OHVHVSqFHVPRO\EGLTXHVSHXLPSRUWHODIDPLOOH'DQVFHWWHpWXGHLODpJDOHPHQWpWpV\QWKpWLVp
XQ QRXYHDX FRPSRVp XQ GLPqUH GH OD IDPLOOH .HJJLQ Į6L:0R(X &H GLPqUH D pWp
REWHQXjODVXLWHGHQRWUHYRORQWpGHWUDYDLOOHUDYHFO¶HVSqFHODFXQDLUHĮ6L: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Chapitre III Ȃ Synthèse et caractérisations de nanoparticules 
métalliques 
Introduction 
&RPPH QRXV O¶DYRQV UDSSHOp GDQV OH SUHPLHU FKDSLWUH OHV SRO\R[RPpWDOODWHV SHXYHQW
SDUIDLWHPHQWFRQYHQLUjODV\QWKqVHGHQDQRSDUWLFXOHV13VPpWDOOLTXHVLOVVRQWFDSDEOHVGH
MRXHUjODIRLVOHU{OHGHUpGXFWHXUHWGHVXUIDFWDQWVWDELOLVDQWRXFDSSLQJDJHQW/DV\QWKqVH
GH QDQRSDUWLFXOHV YLD O¶XWLOLVDWLRQ GH 320V VH IDLW VHORQ WURLV JUDQGV D[HV SDU YRLH
pOHFWURFKLPLTXH±SDUO¶XWLOLVDWLRQG¶XQUpGXFWHXUFKLPLTXHRXSDULUUDGLDWLRQ89±YLVLEOH
GX320±1RXVSULYLOpJLHURQVFHWWHGHUQLqUHYRLHGDQVOHFDGUHGHQRVWUDYDX[SXLVTX¶HOOH
SHUPHWXQVXLYLGLUHFWSDUVSHFWURVFRSLH89YLVLEOHGHODIRUPDWLRQGHVQDQRSDUWLFXOHV
'DQVOHVHFRQGFKDSLWUHQRXVQRXVVRPPHVLQWpUHVVpVjO¶pWXGHpOHFWURFKLPLTXHGHGLIIpUHQWV
GpULYpVPRO\EGLTXHVGHODIDPLOOHGHVSKRVSKRWXQJVWDWHVGHW\SH'DZVRQDILQGHFRPSUHQGUH
G¶H[SOLTXHUHWG¶H[SORLWHUOHVGLIIpUHQWVPpFDQLVPHVTXLJRXYHUQHQWOHVpFKDQJHVpOHFWURQLTXHV
HW QRXV OHV DYRQV FRPSDUpV DYHF OHXUV SDUHQWV ODFXQDLUHV HW VDWXUpV HWRX KRPRORJXHV
YDQDGLTXHV
$ILQG¶pYLWHU OD PXOWLSOLFDWLRQG¶H[SpULHQFHVDXFRXUVGHFHWWHpWXGHQRXVDYRQVGpFLGp GH
FRQWLQXHUFHWUDYDLODYHFOHVGHX[320VWULVXEVWLWXpVĮ3:0RHWĮ3:9(QHIIHWOHV
WURLVFHQWUHV0R9,RX99pFKDQJHQWMXVTX¶jWURLVpOHFWURQVjGHVSRWHQWLHOVSHXQpJDWLIV$OD
YXHGXQRPEUHG¶pOHFWURQVpFKDQJpV OHV320VWULVXEVWLWXpVSUpVHQWHQWXQDYDQWDJHQRWDEOH
SRXU OD UpGXFWLRQ GHV FDWLRQV PpWDOOLTXHV 3G 3WRX $X VL RQ OHV FRPSDUH DX[ 320V
PRQRVXEVWLWXpVĮ[3:0[ RXHW0 0RRX9TXLGDQV OHVPrPHVFRQGLWLRQV
Q¶pFKDQJHQWTX¶XQVHXOpOHFWURQ(QILQOHV320VKH[DVXEVWLWXpVĮ3:0RHWĮ3:9
SHUPHWWHQWG¶pFKDQJHUXQQRPEUHG¶pOHFWURQVHQFRUHSOXVLPSRUWDQWPDLVOHXUV\QWKqVHHWOHXU
FDUDFWpULVDWLRQVRQWELHQSOXVGpOLFDWHV/HSURMHWVRXVMDFHQWjODFRQFHSWLRQGHQDQRSDUWLFXOHV
SDU UpDFWLRQ DYHF XQ 320 UHSRVH VXU XQ pYHQWXHO HIIHW V\QHUJLTXH HQWUH FKDFXQ GHV
FRPSRVDQWV 13 HW 320 SRXU GHV DSSOLFDWLRQV HQ pOHFWURFDWDO\VH FH TXL FRQVWLWXHUD OH
SURFKDLQFKDSLWUH
/DVSHFWURVFRSLH89±YLVLEOHVHUDODUJHPHQWXWLOLVpHSXLVTXHFHWWHWHFKQLTXHHVWGHPLVHHQ
°XYUHDLVpHHWSHUPHWXQHDQDO\VHTXDOLWDWLYHWUqVUDSLGHGHVGLIIpUHQWVpFKDQWLOORQV
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV
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
III.1. Etudes UV - visible des polyoxométallates 
III.1.1. ±±Ƚ-P2W15M3 (M = Mo et V) par 
spectroélectrochimie 
&HWWH SUHPLqUH SDUWLH D SRXU REMHFWLI OD GpWHUPLQDWLRQ GHV VLJQDWXUHV HQ VSHFWURVFRSLH
89±YLVLEOHGHVGLIIpUHQWVpWDWVGH UpGXFWLRQGHV320VTXL VHUYLURQWj OD V\QWKqVHGH13V
PpWDOOLTXHV3RXUFHWWHpWXGHODVSHFWURpOHFWURFKLPLHHVWXQHWHFKQLTXHGHFKRL[TXLFRXSOHOD
VSHFWURVFRSLH 89±YLVLEOH DX[ H[SpULHQFHV G¶pOHFWURFKLPLH 1RXV QRXV HQ VRPPHV
QRWDPPHQWVHUYLVSRXUO¶DFTXLVLWLRQGHVVSHFWUHV89±YLVLEOHUHSUpVHQWDQWVOHVGLIIpUHQWVpWDWV
GHUpGXFWLRQGHV320VpWXGHLQGLVSHQVDEOHSRXUDVVXUHUOHVXLYLGHO¶pWDWGHUpGXFWLRQGX320
DXFRXUVGHVH[SpULHQFHVG¶LUUDGLDWLRQ(QHIIHWFHWWHWHFKQLTXHSHUPHWGHSRXYRLUWUDFHUGHV
VSHFWUHV89±YLVLEOHHQFRQWLQXWRXWDXORQJGHO¶pOHFWURO\VH$SDUWLUGHFHWWHWHFKQLTXHLOD
pJDOHPHQWpWpSRVVLEOHGHPHWWUHHQDYDQW ODSUpVHQFHGHSRLQW LVREHVWLTXHV\QRQ\PHGH OD
FRQVHUYDWLRQGHODVWUXFWXUHGXFRPSRVpDXFRXUVGHO¶DGGLWLRQG¶pOHFWURQV
/HFRPSRVpĮ3:0RDpWpVXFFHVVLYHPHQWUpGXLWjHWpOHFWURQVDILQG¶DPHQHUOHV
WURLVFHQWUHV PRO\EGLTXHVj O¶pWDWG¶R[\GDWLRQ9/HV VSHFWUHV89±YLVLEOH HQUHJLVWUpVHQ
FRQWLQXDXFRXUVGHFHWWHpOHFWURO\VHPRQWUHQWFODLUHPHQWXQHGLIIpUHQFHHQWUHFKDTXHpWDWGH
UpGXFWLRQGX320ILJXUH/RUVTXHOH320HVWUpGXLWjpOHFWURQXQSLFG¶DEVRUEDQFHHVW
REVHUYpDXWRXUGHQP3RXUOHVpWDWVGHUpGXFWLRQVXSpULHXUVOHVVSHFWUHV89±YLVLEOHVH
UHVVHPEOHQWEHDXFRXSDYHFXQSLFWUqVLQWHQVHjQPSRXUO¶DMRXWGXVHFRQGpOHFWURQSLF
TXLYDVXELUXQOpJHUVKLIWYHUVGHVORQJXHXUVG¶RQGHSOXVpOHYpHVSRXUOHWURLVLqPHpOHFWURQHW
VHWURXYHUDXWRXUGHQP'DQVWRXVOHVFDVODIRUWHDXJPHQWDWLRQG¶DEVRUEDQFHHQGHVVRXV
GH  QP HVW GXH DX WUDQVIHUW GH FKDUJH R[\JqQH ĺ PpWDO DX VHLQ GX 320 OHV VDXWV
G¶DEVRUEDQFH j  QP VRQW GXV j O¶DSSDUHLOODJH HW DX FKDQJHPHQW GH GpWHFWHXU GX
VSHFWURSKRWRPqWUH /HV SRLQWV LVREHVWLTXHV VRQW VLWXpV j   HW  QP SRXU OHV
UpGXFWLRQVjHWpOHFWURQVUHVSHFWLYHPHQW
&RQWUDLUHPHQWjVRQKRPRORJXHPRO\EGLTXH LOQ¶HVWSDVSRVVLEOHGHUpGXLUHVpSDUpPHQWOHV
FHQWUHV99GHO¶HVSqFHWULVXEVWLWXpYDQDGLTXHĮ3:9jHWpOHFWURQVDXS+pWXGLp(Q
HIIHWFHVWURLVpWDSHVUHGR[VRQWWUqVSURFKHVHWVXUOH&9GXFRPSRVpĮ3:9HQUHJLVWUpj
S+HOOHVUHSUpVHQWHQWXQHYDJXHFRPSRVLWHSUpVHQWDQWXQVHXOpSDXOHPHQWILJXUH,OHVW
GRQFSRVVLEOHjS+GH OH UpGXLUHjSXLVjpOHFWURQV/RUVGXSUHPLHUSURFHVVXVGH
UpGXFWLRQ O¶DEVRUEDQFH DXJPHQWH VXU O¶HQVHPEOH GH OD IHQrWUH VSHFWUDOH DYHF XQ SLF
G¶DEVRUEDQFHFDUDFWpULVWLTXHYHUVQP/HSRLQWLVREHVWLTXHTXDQWjOXLHVWVLWXpjQP
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


/¶DMRXWGHGHX[pOHFWURQVVXSSOpPHQWDLUHVYDHQWUDLQHUXQHEDLVVHG¶DEVRUEDQFHDXGHOjGH
QPHWXQSLFG¶DEVRUEDQFHYDDSSDUDLWUHYHUVQP2QSHXWpJDOHPHQWQRWHUODSUpVHQFHGH
QRQSDVXQPDLVGHX[SRLQWVLVREHVWLTXHVYHUVHWQP

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)LJXUH(WXGHSDUVSHFWURpOHFWURFKLPLHGHĮ3:0R$YROWDPPRJUDPPHF\FOLTXH
SUpVHQWDQWOHVSURFHVVXVUHGR[GHVWURLVFHQWUHVPRO\EGLTXHVYLWHVVHGHEDOD\DJHP9V
%VSHFWUHV89±YLVLEOHSULVORUVGHVGLIIpUHQWHVpWDSHVGHUpGXFWLRQFRQFHQWUDWLRQHQ320
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
)LJXUH(WXGHSDUVSHFWURpOHFWURFKLPLHGHĮ3:9$YROWDPPRJUDPPHF\FOLTXH
SUpVHQWDQWOHVSURFHVVXVUHGR[GHVWURLVFHQWUHVYDQDGLTXHVYLWHVVHGHEDOD\DJHP9V
%VSHFWUHV89±YLVLEOHSULVORUVGHVGLIIpUHQWHVpWDSHVGHUpGXFWLRQFRQFHQWUDWLRQHQ320
0
S+ 01D$F2&+&22+
'DQVOHVGHX[FDVOHVSLFVG¶DEVRUEDQFHREVHUYpVTXHFHVRLWSRXUO¶HVSqFHPRO\EGLTXHRX
O¶HVSqFHYDQDGLTXHFRQWLHQQHQWXQHFRQWULEXWLRQGHWUDQVLWLRQVGGDWWULEXpHVDX[FHQWUHV0R
HWRX9&HVWUDQVLWLRQVW\SLTXHVGHFHQWUHPpWDOOLTXHGHFRQILJXUDWLRQQGVRQWSHXLQWHQVHV
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


HWODSOXSDUWGXWHPSVVLWXpHVGDQVOHGRPDLQHGXYLVLEOH2QREVHUYHpJDOHPHQWGHVWUDQVIHUWV
GHFKDUJHG¶LQWHUYDOHQFHFDUDFWpULVWLTXHGHFHVFRPSOH[HVjYDOHQFHPL[WH6HORQODQDWXUHGX
WUDQVIHUW0Rѧ0R9ѧ90Rѧ:RX9ѧ :FHVDEVRUEDQFHVV¶pWDOHQW
VXUO¶HQVHPEOHGXVSHFWUHGXSURFKHLQIUDURXJHMXVTX¶jO¶89YLVLEOH
III.1.2. Irradiation des POMs dans le domaine du visible (ɉ ? ? ? ?Ȍ 
III.1.2.a. Comparaison entre photo-réduction et électro-réduction 
/¶LUUDGLDWLRQHVWXQHWHFKQLTXHXWLOLVpHGHSXLVSOXVLHXUVGpFHQQLHVDILQGHUpGXLUHOHV320V±
7RXWHIRLVO¶LUUDGLDWLRQGDQVOHGRPDLQHGXYLVLEOHHVWWUqVUDUHOHVH[SpULHQFHVG¶LUUDGLDWLRQ
GpFULWHVGDQVOD OLWWpUDWXUHRQWOLHXGDQVOHGRPDLQHGHO¶89(QHIIHWSRXUTXHO¶LUUDGLDWLRQ
SXLVVHIRQFWLRQQHUSRXUODUpGXFWLRQGX320LOIDXWTXHFHGHUQLHUVRLWFDSDEOHGHUHFHYRLU
O¶pQHUJLH GX UD\RQQHPHQW LQFLGHQW HQ G¶DXWUHV PRWV LO IDXW TX¶LO DEVRUEH GDQV OH GRPDLQH
FKRLVL2UODSOXSDUWGHVSRO\R[RPpWDOODWHVQ¶DEVRUEHSDVRXSHXGDQVOHGRPDLQHGXYLVLEOH
(Q UHYDQFKH O¶XWLOLVDWLRQGH OXPLqUH89HVW WUqVHIILFDFHSXLVTXHFHGRPDLQHFRUUHVSRQGj
FHOXLGXSLFGHWUDQVIHUWGHFKDUJHR[\JqQHĺPpWDODXVHLQGX320HWTXLHVWWUqVLQWHQVH
3DUYRORQWpGHWUDYDLOOHUGDQVOHVFRQGLWLRQVOHVSOXVGRXFHVQRXVDYRQVGpFLGpG¶XWLOLVHUXQ
ILOWUHTXLYDFRXSHUOHVUD\RQQHPHQWVGHORQJXHXUVG¶RQGHLQIpULHXUHjQPDILQGHQRXV
OLPLWHUDXGRPDLQHGXYLVLEOH(QHIIHWOHVGHX[320VVpOHFWLRQQpVSRXUFHWWHpWXGHDEVRUEHQW
O¶pQHUJLHIRXUQLHSDUODOXPLqUHYLVLEOH'HSOXVOHVLUUDGLDWLRQVRQWpWpHIIHFWXpHVGDQVGHO¶HDX
GLVWLOOpHVDQVDMRXWGHVHORXG¶DFLGHOHV320VpWDQWVXIILVDPPHQWVWDEOHVSRXUSHUPHWWUHFHV
pWXGHV ,O HVW LPSRUWDQW GH QRWHU TXH OHV UpVXOWDWV HQ VSHFWURVFRSLH 89±YLVLEOH VRQW WUqV
VLPLODLUHVTXHOHVLUUDGLDWLRQVVRLHQWIDLWHVGDQVO¶HDXRXGDQVXQPLOLHXSOXVDFLGH,OQHIDXW
SDV RXEOLHU TXH SRXU UpGXLUH OH 320 SDU SKRWRUpGXFWLRQ LO HVW QpFHVVDLUH G¶\ DMRXWHU XQ
GRQQHXU VDFULILFLHO G¶pOHFWURQV O¶LVRSURSDQRO GRQW OD FRQFHQWUDWLRQ VHUD IL[pH j  0 /H
PRQWDJHXWLOLVpFIDQQH[H,SHUPHWXQHDJLWDWLRQFRQVWDQWHGHO¶pFKDQWLOORQVRXVOHIDLVFHDX
OXPLQHX[ j O¶DLGH GX GpJD]DJH j O¶DUJRQ QpFHVVDLUH SRXU TXH OHV HVSqFHV UpGXLWHV VRLHQW
VWDEOHV
/DSXLVVDQFHGHVRUWLHGHODPSHDpWpDUELWUDLUHPHQWIL[pHj:7RXWHIRLV ODSXLVVDQFH
UHoXHSDUO¶pFKDQWLOORQYDGpSHQGUHGHQRPEUHX[IDFWHXUVFRPPHODGLVWDQFHHQWUHODODPSHHW
O¶pFKDQWLOORQO¶RXYHUWXUHGHO¶REWXUDWHXUGHVRUWLHGHODPSH«/HPRQWDJHDpWpFRQoXSRXU
TXH O¶pFKDQWLOORQUHoRLYHXQHSXLVVDQFHGH:FPSRXUWRXWHVOHVH[SpULHQFHV8QWHVW
DYHFXQHSXLVVDQFHPRLQGUHDWRXWGHPrPHpWpHIIHFWXp
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


/HVVSHFWUHV89±YLVLEOHREWHQXVDXFRXUVGHVH[SpULHQFHVG¶LUUDGLDWLRQSRXUOHVGHX[320V
pWXGLpV VRQW SUpVHQWpV FLDSUqV ILJXUH  ILJXUH  ,OV VRQW pYLGHPPHQW VLPLODLUHV j FHX[
REWHQXV SDU VSHFWURpOHFWURFKLPLH (Q UHYDQFKH LO HVW EHDXFRXS SOXV GLIILFLOH G¶REWHQLU XQH
HVSqFHUpGXLWHjpOHFWURQVSDULUUDGLDWLRQGDQVOHVFRQGLWLRQVFKRLVLHVPrPHVLOHVVSHFWUHV
89±YLVLEOHPRQWUHWRXWGHPrPHODSUpVHQFHG¶HVSqFHVUpGXLWHVjpOHFWURQVHQWUqVIDLEOH
TXDQWLWp

)LJXUH6SHFWUHV89±YLVLEOHREWHQXVSHQGDQWODUpGXFWLRQGHĮ3:0RSDU$LUUDGLDWLRQHWSDU%&3&


)LJXUH6SHFWUHV89±YLVLEOHREWHQXVSHQGDQWODUpGXFWLRQGHĮ3:9SDU$LUUDGLDWLRQ
HWSDU%&3&

III.1.2.b. ǯ 
&RPPH GLW SUpFpGHPPHQW XQ UDSLGH WHVW D pWp IDLW HQ IDLVDQW YDULHU OD SXLVVDQFH UHoXH SDU
O¶pFKDQWLOORQVDFKDQWTXHOHUD\RQQHPHQWVRODLUHLQFLGHQWPR\HQjODVXUIDFHGHOD7HUUHHVWGH
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&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


:FP/HVUpVXOWDWVREWHQXVPRQWUHQWFODLUHPHQWO¶LQIOXHQFHTXHYDMRXHUFHSDUDPqWUH
VXUODUpGXFWLRQGX320SOXVODSXLVVDQFHVHUDIDLEOHSOXVODYLWHVVHGHUpGXFWLRQGX320
VHUDOHQWH(QHIIHWjXQHSXLVVDQFHGH:FPODUpGXFWLRQDELHQOLHXPDLVDXERXWGH
KOHVGH320VUpGXLWVjpOHFWURQQHVRQWSDVHQFRUHDWWHLQWVDORUVTX¶LOIDOODLWPRLQV
GHPLQXWHVGDQVOHFDVSUpFpGHQW$XUHJDUGGHODFRXUEHGHYDULDWLRQGHO¶DEVRUEDQFHGH
SLF HQ IRQFWLRQ GX WHPSV G¶LUUDGLDWLRQ LO VHPEOH SRVVLEOH G¶DWWHLQGUH OHV  GH
WUDQVIRUPDWLRQPDLVGDQVXQWHPSVUHODWLYHPHQWORQJ

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)LJXUH6SHFWUHV89±YLVLEOHREWHQXVSHQGDQWODUpGXFWLRQGHĮ3:0RSDULUUDGLDWLRQj
SXLVVDQFHGLIIpUHQWH$:FPHW%:FP&&RPSDUDLVRQGHO¶DEVRUEDQFHj
QPHQIRQFWLRQGXWHPSVG¶LUUDGLDWLRQSRXUOHVGHX[SXLVVDQFHV

III.1.2.c. Influence de concentration en isopropanol 
(QILQXQHGHUQLqUHpWXGHDpWDLWPHQpHVXUO¶LQIOXHQFHGHODFRQFHQWUDWLRQHQLVRSURSDQRO,OD
G¶DERUG IDOOXGpWHUPLQHU OHVFRHIILFLHQWVG¶H[WLQFWLRQ PRODLUHGHVGHX[HVSqFHV UpGXLWHVj
pOHFWURQVDILQG¶DYRLUXQHFRPSDUDLVRQFRKpUHQWHHWQRUPDOLVpHHWpJDOHPHQWSRXYRLUHIIHFWXHU
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&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


XQHpWXGHFLQpWLTXHWDEOHDX&HFRHIILFLHQWYDQRXVSHUPHWWUHGHUHOLHUO¶DEVRUEDQFHPHVXUpH
j QRWUH FRQFHQWUDWLRQ HQ 320 UpGXLW j  pOHFWURQ DX VHLQ GH O¶pFKDQWLOORQ DX FRXUV GHV
H[SpULHQFHVG¶LUUDGLDWLRQJUkFHjODORLGH%HHU/DPEHUW
7DEOHDX&RHIILFLHQWG¶H[WLQFWLRQPRODLUHGHVGHX[320VpWXGLpVUpGXLWVjXQpOHFWURQDXSLF
G¶DEVRUEDQFH
320 ȜQP İȜ/PROFP
3:0R  
3:9  

/¶HQVHPEOH GHV VSHFWUHV 89±YLVLEOH HQ IRQFWLRQ GH OD FRQFHQWUDWLRQ HQ LVRSURSDQRO HVW
PRQWUp HQ DQQH[H FI DQQH[H ,, 1RXV QH PRQWUHURQV LFL TXH OD YDULDWLRQ GH OD
FRQFHQWUDWLRQHQ320UpGXLWjpOHFWURQHQIRQFWLRQGXWHPSVG¶LUUDGLDWLRQSRXUOHVGLIIpUHQWHV
FRQFHQWUDWLRQVHQLVRSURSDQRO/HVUpVXOWDWVHQDEVHQFHG¶LVRSURSDQROVRQWFRKpUHQWVDYHFFH
TXLSHXWrWUHDWWHQGXSXLVTX¶DXFXQHUpGXFWLRQQ¶HVWREVHUYpH/¶pWXGHFLQpWLTXHGpWDLOOpHHQ
DQQH[HFIDQQH[H,,HVWEDVpHVXUOHVWUDYDX[GH7<DPDVHTXLDSURSRVpOHPpFDQLVPH
GH UpGXFWLRQ GHV 320V SDU YRLH SKRWRFKLPLTXH VXLYDQWR OD SUHPLqUH UpDFWLRQ WUDGXLW
O¶H[FLWDWLRQGX320VRXV O¶HIIHWGXUD\RQQHPHQW LQFLGHQW OHFRQGXLVDQWjXQpWDWIRUWHPHQW
R[\GDQW ܱܲܯ௡ି ௞బ՜ כܱܲܯ௡ି כܱܲܯ௡ି ௞షభሱሮ ܱܲܯ௡ି כܱܲܯ௡ି ൅ ܯ݁ଶܥܪܱܪ ௞ೂሱሮ ܱܲܯሺ௡ାଵሻି ൅ ܯ݁ଶܥሶܱܪ ൅ܪା ܱܲܯ௡ି ൅ ܯ݁ଶܥሶܱܪ ௞ೃሱሮ ܱܲܯሺ௡ାଵሻି ൅ ܯ݁ଶܥܱ ൅ܪା ܱܲܯሺ௡ାଵሻି ൅ ܯ݁ଶܥሶܱܪ ՜ ܱܲܯሺ௡ାଶሻି ൅ ܯ݁ଶܥܱ ൅ܪା ܱܲܯሺ௡ାଶሻି ൅ ܱܲܯ௡ି ՜  ?ܱܲܯሺ௡ାଵሻି 
$SDUWLUGHVpTXDWLRQVHWOHVUpDFWLRQVHWpWDQWWURSUDSLGHSRXULQWHUIpUHUHWHQ
DSSOLTXDQWO¶DSSUR[LPDWLRQGHO¶pWDWTXDVLVWDWLRQQDLUHVXU320QRQSHXWHQGpGXLUHTXHOD
FRQFHQWUDWLRQHQ320UpGXLWjpOHFWURQ320QVXLWXQHORLH[SRQHQWLHOOHGHW\SH
        ª º ª º¬ ¼« »¬ ¼  Q Q %WL320 320 H 
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


DYHF 4  
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
$WWHQWLRQWRXWHIRLVXQHREVHUYDWLRQDWWHQWLYHGHVVSHFWUHV89±YLVLEOHPRQWUHO¶DXJPHQWDWLRQ
GHODFRQFHQWUDWLRQGHO¶HVSqFHUpGXLWHjpOHFWURQV ORUVTXH ODFRQFHQWUDWLRQHQ LVRSURSDQRO
DXJPHQWH HW LO HVW SULPRUGLDO GH QH SDV FRQVLGpUHU FHWWH FRQWULEXWLRQ GDQV OHV UpJUHVVLRQV
H[SRQHQWLHOOHV HIIHFWXpHV 3RXU OHV FRQFHQWUDWLRQV pOHYpHV HQ LVRSURSDQRO VHXOV OHV WRXV
SUHPLHUVSRLQWVRQWpWpFRQVLGpUpVDILQGHV¶DIIUDQFKLUGHODFRQWULEXWLRQGHVpWDWVGHUpGXFWLRQ
VXSpULHXUVjpOHFWURQILJXUH/¶HQVHPEOHGHVUpVXOWDWVHVWUHSRUWpGDQVOHVGHX[WDEOHDX[
FLDSUqVSRXUFKDTXH320WDEOHDXWDEOHDX
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)LJXUH9DULDWLRQGHODFRQFHQWUDWLRQGH3:0RHQIRQFWLRQGXWHPSVG¶LUUDGLDWLRQSRXU
GLIIpUHQWHVFRQFHQWUDWLRQVG¶LVRSURSDQROOHVWUDLWVSOHLQVFRUUHVSRQGHQWDX[UpJUHVVLRQV
H[SRQHQWLHOOHV

7DEOHDX5pVXOWDWVGHVUpJUHVVLRQVH[SRQHQWLHOOHVSRXUO¶HVSqFHPRO\EGLTXH
>LVRSURSDQRO@0 >3:0R
@L0
REWHQXSDUUpJUHVVLRQ %V
 &RHIILFLHQWGHUpJUHVVLRQ5ð
  ( 
  ( 
  ( 
  ( 
  ( 

&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


7DEOHDX5pVXOWDWVGHVUpJUHVVLRQVH[SRQHQWLHOOHVSRXUO¶HVSqFHYDQDGLTXH
>LVRSURSDQRO@0 >3:9
@L0
REWHQXSDUUpJUHVVLRQ %V
 &RHIILFLHQWGHUpJUHVVLRQ5ð
  ( 
  ( 
  ( 
  ( 
  ( 

&RPPHDWWHQGXORUVTXHODFRQFHQWUDWLRQHQLVRSURSDQRODXJPHQWHODYLWHVVHGHUpGXFWLRQGX
320 DXJPHQWH pJDOHPHQW 0DOKHXUHXVHPHQW QRXV Q¶DYRQV SDV SX DWWHLQGUH OH SDOLHU GH
YLWHVVHPD[LPDOHFDUjSDUWLUGH0G¶LVRSURSDQROODGLVVROXWLRQGX320GHYLHQWLPSRVVLEOH
HQHIIHWOHVDOFRROVSHXYHQWrWUHXWLOLVpVSRXUSUpFLSLWHUOHV320V
(QWUDoDQWHQVXLWH% I>LVRSURSDQRO@ILJXUHQRXVDYRQVDFFqVjODFRQVWDQWHGHYLWHVVH
N DLQVL TX¶DX UDSSRUW NN4 WDEOHDX  TXL WUDGXLW OD FRPSpWLWLRQ HQWUH OD UpDFWLRQ GH
GpVH[FLWDWLRQGH320QHWODUpDFWLRQGH320QDYHFO¶LVRSURSDQROSRXUGRQQHUOH320UpGXLW
jpOHFWURQ(QILQFRPPHREVHUYpSUpFpGHPPHQWOH3:9YDVHWURXYHUGDQVXQpWDWH[FLWp
EHDXFRXSSOXVUDSLGHPHQWTXH3:0RVRXVOHUD\RQQHPHQWLQFLGHQW
  



 3:0R
%
V
>LVRSURSDQRO@0





3:9
%
V

)LJXUH9DULDWLRQGH%LVVXGHODUpJUHVVLRQH[SRQHQWLHOOHHQIRQFWLRQGH>LVRSURSDQRO@
SRXUOHVGHX[320VpWXGLpV


&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


7DEOHDX9DOHXUVGHNHWGXUDSSRUWNN4jSDUWLUGHVUpJUHVVLRQVOLQpDLUHVFLGHVVXV
 NV NN40 &RHIILFLHQWGHUpJUHVVLRQ5ð
3:0R (  !
3:9 (  !

III.2. Synthèse de nanoparticules métalliques par irradiation 
$YDQW WRXWH FKRVH LO QRXV IDXW GpILQLU OH SDUDPqWUH Ȗ TXL FRUUHVSRQG DX UDSSRUW GHV
FRQFHQWUDWLRQVLQLWLDOHVHQWUHOHFDWLRQPpWDOOLTXH0QHWOH320
ߛ ൌ ሾܯ௡ାሿሾܱܲܯሿ
'DQVOHVH[SpULHQFHVOHSULQFLSDOSDUDPqWUHTXHQRXVIHURQVYDULHUVHUDGRQFODFRQFHQWUDWLRQ
HQFDWLRQ PpWDOOLTXHDORUVTXH ODFRQFHQWUDWLRQHQ320VHUD PDLQWHQXH IL[Hj P0/D
FRQFHQWUDWLRQG¶LVRSURSDQROHVW IL[pHj0/HGpURXOHPHQWGHVGLIIpUHQWHVV\QWKqVHVHVW
VFKpPDWLVpVXUODILJXUHDYHFSULVHGHVSHFWUHV89±YLVLEOHjFKDTXHpWDSH

)LJXUH6FKpPDGHV\QWKqVHGHQDQRSDUWLFXOHVPpWDOOLTXHVSDULUUDGLDWLRQ

&HWWHPpWKRGHSHUPHWG¶DYRLUXQF\FOHG¶pFKDQJHV UHGR[ MXVTX¶jpSXLVHPHQWGXSUpFXUVHXU
PpWDOOLTXHILJXUH/H320HVWUpGXLWVRXVOHUD\RQQHPHQWLQFLGHQWHWYDHQVXLWHUpGXLUHOHV
FDWLRQV 0Q HQ 0 WRXW HQ MRXDQW OH U{OH GH VXUIDFWDQW GH OD SDUWLFXOH GH 0 HQ FRXUV GH
IRUPDWLRQ
/LJQHGHEDVH
VROYDQWLVR3
0Q 320 KȞ
WL WI
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV



)LJXUH6FKpPDGXF\FOHGHSKRWRUpGXFWLRQGX320SRXUODV\QWKqVHGHQDQRSDUWLFXOHV
PpWDOOLTXHVSDULUUDGLDWLRQ

III.2.1. Synthèse de nanoparticules de palladium en milieu sulfate de 
sodium 
/HVSUHPLHUVHVVDLVRQWpWpUpDOLVpVGDQVXQPLOLHXRO¶RQpWDLWVUGHODVWDELOLWpGHV320VVXU
SOXVLHXUV KHXUHV 1RXV DYRQV FKRLVL O¶pOHFWURO\WH QRWDPPHQW XWLOLVp SRXU OHV pWXGHV
pOHFWURFKLPLTXHVXQHVROXWLRQGHVXOIDWHGHVRGLXPj0HWGHS+
/HVSHFWUH89±YLVLEOHGXVHOGHSDOODGLXPHVWSUpVHQWpHQDQQH[H FIDQQH[H,,'qV
TXHOH320HVWDMRXWpODVLJQDWXUH89±YLVLEOHGXSDOODGLXPGLVSDUDLWVRXVODFRQWULEXWLRQ
GHVDEVRUSWLRQVLQWHQVHVGHVWUDQVLWLRQV/0&7/LJDQGѧ0pWDO&KDUJH7UDQVIHUGX320
/DIRUPDWLRQGHVQDQRSDUWLFXOHVGHSDOODGLXPVHPEOHUHODWLYHPHQWDLVpHHWUDSLGHDYHFFHWWH
PpWKRGH(QHIIHW OD63%VXUIDFHEDQGSODVPRQ W\SLTXHGHVQDQRSDUWLFXOHVGHSDOODGLXP
DSSDUDLWDXERXWGHTXHOTXHVPLQXWHVG¶LUUDGLDWLRQSRXUOHVGLIIpUHQWHVFRQFHQWUDWLRQVLQLWLDOHV
GXSUpFXUVHXUPpWDOOLTXHȖ/HVVSHFWUHV89±YLVLEOHGXV\VWqPHSRXUȖ VRQW
SUpVHQWpVVXUODILJXUH,OVVRQWSDUIDLWHPHQWUHSUpVHQWDWLIVGHODIRUPDWLRQGHQDQRSDUWLFXOHV
GHSDOODGLXPPpWDOOLTXH
'DQ V X Q S UHPLHU WHPS V RQ REVHUYH FODLUHPHQW OD VLJQ DWX UH G H OD 6%3 DS UqV  PLQ X WHV
G¶LUUDGLDWLRQ/HSLFG¶DEVRUEDQFHGX320UpGXLWQ¶HVWSDVHQFRUHREVHUYpSUREDEOHPHQWSDUFH
TX¶LOVHUpR[\GHHQUpGXLVDQW OHSDOODGLXP,,HQDFFRUGDYHFOHSURFHVVXVGHIRUPDWLRQGHV
13VGDQVFHVFRQGLWLRQV FI F\FOHSUpVHQWp ILJXUH(QVXLWH ODSHQWHGDQV OHGRPDLQHGX
YLVLEOHDWHQGDQFHjGLPLQXHUMXVTX¶jPLQXWHV$XGHOjOHSDOODGLXP,,GHYLHQWGHPRLQV
HQPRLQVSUpVHQWHQVROXWLRQSXLVTX¶LOFRQWLQXHG¶rWUHUpGXLWSDUOH320TXLOXLFRPPHQFHj
UHVWHUHQVROXWLRQVRXVVDIRUPHUpGXLWHV\QRQ\PHG¶XQH[FqVGH320UpGXLWSDUUDSSRUWDX
SUpFXUVHXUGHSDOODGLXP6LO¶RQFRQWLQXHO¶LUUDGLDWLRQO¶DEVRUEDQFHDWHQGDQFHjGLPLQXHUVXU
O¶HQVHPEOHGHODIHQrWUHVSHFWUDO&HVGLIIpUHQWHVREVHUYDWLRQVPRQWUHQWTXHOHVSDUWLFXOHVRQW
GRQFWHQGDQFHjV¶DJUpJHUHWjVpGLPHQWHUDXIRQGGHODFXYHREVHUYDWLRQpJDOHPHQWIDLWHj
320R[
320UHG
KȞ&+&+2+
&+& 2+0Q
0#32013V
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


O¶°LOQX&HODHVWHQDFFRUGDYHF OD OLWWpUDWXUHSXLVTXHGHVWUDYDX[RQWPLVHQDYDQWTXH OD
V\QWKqVHGHQDQRSDUWLFXOHVPpWDOOLTXHVSDUSKRWRUpGXFWLRQG¶XQ320PHQDLWjXQHDJUpJDWLRQ
GHFHVSDUWLFXOHVGDQVXQHVROXWLRQDYHFXQHIRUFHLRQLTXHLPSRUWDQWH

    




$ 

WHPSVG
LUUDGLDWLRQPLQ
&

)LJXUH6SHFWUHV89YLVLEOHREWHQXVSHQGDQWO¶LUUDGLDWLRQG¶XQPpODQJH3:0R3G,,
Ȗ HQPLOLHX1D620S+$MXVTX¶PLQXWHVHW%PLQXWHVG¶LUUDGLDWLRQ&
9DULDWLRQGHO¶DEVRUEDQFHjQPHQIRQFWLRQGXWHPSVG¶LUUDGLDWLRQ

8QH FRQFOXVLRQ LPSRUWDQWH VXSSOpPHQWDLUH D SX rWUH WLUpH GH VHV SUHPLqUHV pWXGHV HW VHUD
YpULILpHSDUODVXLWHVLO¶RQVHSODFHjXQHDEVRUEDQFHIL[HORUVGHO¶DXJPHQWDWLRQGHFHOOHFL
GXHDXSLFGHWUDQVIHUWGHFKDUJHR[\JqQHĺPpWDOGX320SDUH[HPSOH$ HWTX¶RQ
UHJDUGHODYDULDWLRQGHODORQJXHXUG¶RQGHRQVHUHQGFRPSWHTXHTXDQGOHVQDQRSDUWLFXOHVGH
SDOODGLXPV\QWKpWLVpHVVHPEOHQWVWDEOHVODORQJXHXUG¶RQGHWHQGYHUVGHVYDOHXUVSOXVJUDQGHV
$XPRPHQWRHOOHVFRPPHQFHQWjV¶DJUpJHUjHQYLURQPLQXWHVG¶LUUDGLDWLRQODORQJXHXU
G¶RQGH UHWRPEH SRXU UHYHQLU YHUV OD YDOHXU LQLWLDOH V\QRQ\PH GH OD VpGLPHQWDWLRQ GHV
SDUWLFXOHVILJXUH(QHIIHWORUVGHO¶LUUDGLDWLRQGX320VHXOHQVROXWLRQFHWWHORQJXHXU
  



PLQ
PLQ
PLQ
PLQ
$
ORQJXHXUG
RQGHQP
$
  
PLQ
PLQ
PLQ
ORQJXHXUG
RQGHQP
%
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


G¶RQGHUHVWDLWTXDVLPHQWLQFKDQJpH%LHQVUHQIRQFWLRQGXSDUDPqWUHȖFHWWHYDULDWLRQVHUD
SOXV RX PRLQV SURQRQFpH &HWWHREVHUYDWLRQ YD SHUPHWWUH GH GLVFXWHU GH OD TXDOLWp HW GH OD
VWDELOLWpGHVQDQRSDUWLFXOHVGHPDQLqUHWUqVUDSLGHHWIDFLOHjPHWWUHHQSODFHFRQWUDLUHPHQW
DX[WHFKQLTXHVW\SH7(0;36(;$)6«

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J 
ORQ
JX
HX
UG

RQ
GH
Q
P
WHPSVG
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)LJXUH9DULDWLRQGHODORQJXHXUG¶RQGHjXQHDEVRUEDQFHGHHQIRQFWLRQGXWHPSV
G¶LUUDGLDWLRQSRXUXQPpODQJH3:0R3G,,Ȗ HQPLOLHXVXOIDWHGHVRGLXPHWSRXU3:0RVHXO
&HWWHDQDO\VHVHPEOHLQIRUPDWLYHGDQVOHFDVGHO¶HVSqFHPRO\EGLTXH3RXUO¶HVSqFHYDQDGLTXH
HOOHHVWSOXVFRPSOH[HjXWLOLVHUSXLVTXHGDQVOHFDVGHO¶LUUDGLDWLRQGX320VHXOFHWWHORQJXHXU
G¶RQGHYDIRUWHPHQWGLPLQXpHHQIRQFWLRQGXWHPSVG¶LUUDGLDWLRQHQJHQGUDQWXQFRPSRUWHPHQW
DOpDWRLUHORUVTXHOHSDOODGLXPHVWDMRXWpILJXUH
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


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3:9VHXO

)LJXUH9DULDWLRQGHODORQJXHXUG¶RQGHjXQHDEVRUEDQFHGHHQIRQFWLRQGXWHPSV
G¶LUUDGLDWLRQSRXU3:9VHXO
(Q FRQFOXVLRQ OD IRUPDWLRQ GH QDQRSDUWLFXOHV GDQV XQ PLOLHX GH IRUFH LRQLTXH pOHYpH
V¶DFFRPSDJQHG¶XQSURFHVVXVG¶DJUpJDWLRQHWGHVpGLPHQWDWLRQGHFHVSDUWLFXOHV7RXWHIRLV
FHVpWXGHVRQWSHUPLVGHFDGUHUOHVFRQGLWLRQVGHIRUPDWLRQHWGHVWDELOLWpGHVQDQRSDUWLFXOHV
GHSDOODGLXP'DQVQRWUHFDVO¶DJUpJDWLRQFRQVWLWXHXQHYpULWDEOHOLPLWDWLRQSRXUO¶REWHQWLRQ
GH VROXWLRQV FROORwGDOHV GH QDQRSDUWLFXOHV ELHQ GLVSHUVpHV (Q UHYDQFKH FHWWH WHFKQLTXH
SRXUUDLWrWUHXWLOHQRWDPPHQWSRXUOHWUDLWHPHQWGHPLOLHX[FRQWDPLQpVSDUGHVPpWDX[WR[LTXH

III.2.2. °ǯǼ pure » 
/HSOXVVLPSOHSRXUOLPLWHU ODIRUFHLRQLTXHGHODVROXWLRQGHV\QWKqVHFRQVLVWHjUpDOLVHU OHV
V\QWKqVHVGHQDQRSDUWLFXOHVGDQVGHO¶HDXGLVWLOOpHPLOOL4&RPPHYXGDQVODSDUWLHSUpFpGHQWH
SDUWLH,,,DOHV320VVRQWVXIILVDPPHQWVWDEOHVGDQVO¶HDXHQUHYDQFKHOHSUpFXUVHXUGH
SDOODGLXPD UDSLGHPHQWWHQGDQFHjGRQQHUGHVR[\GHVHWRXK\GUR[\GHVGHSDOODGLXPGDQV
O¶HDX LO D GRQF IDOOX XWLOLVHU XQH VROXWLRQ PqUH GH SUpFXUVHXU GH SDOODGLXP HQ PLOLHX DFLGH
+62S+§/DVROXWLRQPqUHDpWpSUpSDUpGHPDQLqUHjFHTXHOHS+QHFKDQJHTXHWUqV
SHXGDQVODVROXWLRQILQDOHGHPpODQJH3203G
III.2.2.a. ±ǯ° 
4XHOTXHVRLWOHSDUDPqWUHȖFKRLVLHQWUHHWOHVUpVXOWDWVREWHQXVVRQWOHVPrPHVVHXOH
XQHYDULDWLRQGDQVODFLQpWLTXHSRXUOHVGLIIpUHQWVSKpQRPqQHVHVWREVHUYpH
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


x /D SUHPLqUH pWDSH ORUV GH O¶LUUDGLDWLRQ G¶XQ PpODQJH 3203G HVW OD UpGXFWLRQ GX
SRO\R[RPpWDOODWHTXH O¶RQSHXWREVHUYHUJUkFHj O¶DSSDULWLRQGXSLFG¶DEVRUEDQFHGH
O¶HVSqFHUpGXLWH
x /DVHFRQGHpWDSHHVWODIRUPDWLRQGHVQDQRSDUWLFXOHVGH3GDYHFDSSDULWLRQGHOD63%
FDUDFWpULVWLTXH
x /DWURLVLqPHpWDSHHVWODUpGXFWLRQGX320UpVLGXHO
x (QILQODGHUQLqUHpWDSHHVWODVWDELOLVDWLRQGHO¶DEVRUEDQFHVXUWRXWHODIHQrWUHVSHFWUDOH
3UHQRQVFRPPHH[HPSOHODYDOHXUȖ ILJXUH$XERXWG¶XQHPLQXWHG¶LUUDGLDWLRQOHSLF
G¶DEVRUEDQFHGH>3:0R2@DSSDUDLWjQP(QWUHHWPLQXWHVG¶LUUDGLDWLRQ OD
63% GHV QDQRSDUWLFXOHV GH 3G GHYLHQW GH SOXV HQ SOXV SUpVHQWH $ SDUWLU GH  PLQXWHV
G¶LUUDGLDWLRQ OH SLF G¶DEVRUEDQFH GX 320 UpGXLW FURvW DX IXU HW j PHVXUH TXH O¶LUUDGLDWLRQ
FRQWLQXH2QREVHUYHXQGpFDODJHGDQVODYDOHXUGHODORQJXHXUG¶RQGHGXSLFGjO¶HIIHWGH
OD63%GXSDOODGLXP(QILQHQWUHHWPLQXWHVG¶LUUDGLDWLRQO¶DEVRUEDQFHHVWVWDELOLVpHVXU
O¶HQVHPEOH GH OD JDPPH VSHFWUDOH /¶HQVHPEOH GHV VSHFWUHV 89±YLVLEOH HQ IRQFWLRQ GH OD
YDOHXUGHȖHVWSUpVHQWpHQDQQH[HFIDQQH[H,,
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)LJXUH,UUDGLDWLRQG¶XQPpODQJH3:0R3G,,Ȗ $VSHFWUHV89±YLVLEOHREWHQXVHQIRQFWLRQGXWHPSVG¶LUUDGLDWLRQ%9DULDWLRQGHO¶DEVRUEDQFHjQPHQIRQFWLRQGX
WHPSVG¶LUUDGLDWLRQ

&RPPHREVHUYpGDQVODSDUWLHSUpFpGHQWHSDUWLH,,,VLRQUHJDUGHODORQJXHXUG¶RQGHHQ
IRQFWLRQGX WHPSVG¶LUUDGLDWLRQjG¶DEVRUEDQFHFHWWH IRLV FHOOHFLDXJPHQWHSHQGDQW OD
IRUPDWLRQGHVQDQRSDUWLFXOHVGH3GHWVHVWDELOLVHjSDUWLUGHPLQXWHVG¶LUUDGLDWLRQWUDGXLVDQW
DLQVLODVWDELOLWpGHODGLVSHUVLRQGH3GILJXUH
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


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)LJXUH9DULDWLRQGHODORQJXHXUG¶RQGHjXQHDEVRUEDQFHGHHQIRQFWLRQGXWHPSV
G¶LUUDGLDWLRQSRXUXQPpODQJH3:0R3G,,Ȗ GDQVO¶HDXHWSRXU3:0RVHXO
/HV GLVSHUVLRQV GH QDQRSDUWLFXOHV GH SDOODGLXP VRQW GRQF VWDEOHV HQ ILQ GH V\QWKqVH PDLV
TX¶DGYLHQWLOGHFHWpWDWVXUXQWHPSVEHDXFRXSSOXVORQJ"&HWWHpWXGHDWRXMRXUVpWpPHQpH
SDU VSHFWURVFRSLH89±YLVLEOHHW LO DSSDUDLWTXH OHVSDUWLFXOHV VRQW VWDEOHV VXUDXPRLQVXQ
PRLVHWFHTXHOTXHVRLWODYDOHXUGXSDUDPqWUHȖ/HOHQGHPDLQGHODV\QWKqVHO¶DEVRUEDQFH
D IRUWHPHQWGpFUXFHODHVW WRXW VLPSOHPHQWGDX IDLWTXH OH320UpGXLW V¶HVW UpR[\GpDX
FRQWDFWj O¶DLUPDLV OD63%GXSDOODGLXPHVWELHQREVHUYpHILJXUH(QHIIHWVL O¶RQVXLW
O¶pYROXWLRQGHO¶DEVRUEDQFHjQPDXFRXUVGXWHPSVMXVWHDSUqVODILQGHO¶LUUDGLDWLRQRQ
YRLWTXHGqVTXHO¶pFKDQWLOORQHVWPLVHQSUpVHQFHG¶DLUFHWWHDEVRUEDQFHGLPLQXHV\QRQ\PH
GHUpR[\GDWLRQGX3202QREVHUYHHQVXLWHWUqVSHXGHFKDQJHPHQWHQWUHOHVVSHFWUHVSULVOH
OHQGHPDLQGHODV\QWKqVHHWMRXUVDSUqVODV\QWKqVH/DSHWLWHEDLVVHREVHUYpHHVWDWWULEXpDX
320 OXLPrPH TXL GRLW VDQV GRXWH pYROXHU GDQV O¶HDX VXU XQH SpULRGH DXVVL ORQJXH 6L RQ
UHJDUGHXQHQRXYHOOHIRLVODORQJXHXUG¶RQGHjO¶DEVRUEDQFH$ HOOHHVWPDLQWHQXHDXWRXU
GHO QP
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV

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)LJXUH$6SHFWUHV89±YLVLEOHSUpVHQWDQWO¶pYROXWLRQGXPpODQJH3:0R3G,,Ȗ 
VXUSOXVLHXUVMRXUV%9DULDWLRQGHO¶DEVRUEDQFHjQPHQIRQFWLRQGXWHPSVDSUqVODILQ
GHO¶LUUDGLDWLRQ

(QILQXQHGHUQLqUHpWDSHDSHUPLVGHFRQFHQWUHUOHVVROXWLRQVGHQDQRSDUWLFXOHVGHSDOODGLXP
HQ ILQGHV\QWKqVH MXVWHDSUqVO¶LUUDGLDWLRQ3RXUFHOD OHVSUpSDUDWLRQVRQWpWpFHQWULIXJpHVj
WRXUVPLQXWHSHQGDQWPLQXWHV8QHIRLVGHSOXVOHVVSHFWUHV89±YLVLEOHPRQWUHQW
ELHQTXHOHVSDUWLFXOHVVpGLPHQWHQWGDQVOHFXORWHWTXHOHVXUQDJHDQWQHFRQWLHQWSOXVTXHOH
320UpGXLWILJXUH/HVSDUWLFXOHVDLQVLWRPEpHVGDQVOHFXORWSHXYHQWrWUHIDFLOHPHQWUH
GLVSHUVpHVSDUXOWUDVRQV/DFHQWULIXJDWLRQYDGRQFSHUPHWWUHGHSRXYRLU©ODYHUªOHVSDUWLFXOHV
HWHIIDFHUWRXWHVWUDFHVGHSUpFXUVHXUPpWDOOLTXHHWRX320OLEUHV
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)LJXUH6SHFWUHV89±YLVLEOHDYDQWHWDSUqVFHQWULIXJDWLRQG¶XQHV\QWKqVHGHQDQRSDUWLFXOHV
GH3GSDULUUDGLDWLRQDYHF3:0R
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


(QFRQFOXVLRQO¶HVSqFHPRO\EGLTXHHVWXQWUqVERQFDQGLGDWSRXUSURGXLUHGHVQDQRSDUWLFXOHV
GHSDOODGLXPVWDEOHVGDQVOHWHPSV,OUHVWHFHSHQGDQWjGpWHUPLQHUODWDLOOHHWODYpULWDEOHQDWXUH
GHFHVQDQRSDUWLFXOHV
III.2.2.b. ±ǯ° 
/HVGLIIpUHQWVSKpQRPqQHVREVHUYpVORUVGHODV\QWKqVHGHQDQRSDUWLFXOHVGHSDOODGLXPDYHF
O¶HVSqFHYDQDGLTXHVRQW OHV PrPHVTXHFHX[REVHUYpVSRXU O¶HVSqFH PRO\EGLTXHj VDYRLU
UpGXFWLRQGX320DYHFDSSDULWLRQG¶XQHIRUWHDEVRUSWLRQFHQWUpHVXUQPIRUPDWLRQGHV
QDQRSDUWLFXOHV GH SDOODGLXP DXJPHQWDWLRQ GH OD FRQFHQWUDWLRQ HQ 320 UpGXLW DSUqV OD
IRUPDWLRQGHV13VILJXUH
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)LJXUH,UUDGLDWLRQG¶XQPpODQJH3:93G,,Ȗ $VSHFWUHV89±YLVLEOHREWHQXVHQIRQFWLRQGXWHPSVG¶LUUDGLDWLRQ%9DULDWLRQGHO¶DEVRUEDQFHjQPHQIRQFWLRQGXWHPSV
G¶LUUDGLDWLRQ

/D SULQFLSDOH GLIIpUHQFH REVHUYpH SDU UDSSRUW j O¶HVSqFH PRO\EGLTXH FRQFHUQH OD VWDELOLWp
&RPPHGLWSUpFpGHPPHQWSDUWLH,,,ODYDULDWLRQGHODORQJXHXUG¶RQGHjXQHDEVRUEDQFH
IL[HQHQRXVSHUPHWSDVGHIDLUHXQHK\SRWKqVHVXUODVWDELOLWpGHVSDUWLFXOHV&HWWHYDULDWLRQ
SHXWrWUHGXHjODIRUPDWLRQGHVQDQRSDUWLFXOHVPDLVpJDOHPHQWjODUpGXFWLRQGX320&HV
GHX[FRQWULEXWLRQVQHQRXVSHUPHWWHQWSDVG¶H[SORLWHUFHWWHDQDO\VHHWDLQVLUHQGUHFRPSWHGH
OD VWDELOLWp GHV QDQRSDUWLFXOHV 1pDQPRLQV VXU OH SOXV ORQJ WHUPH LO VHPEOH TXH O¶HVSqFH
YDQDGLTXH SDUYLHQQH j VWDELOLVHU OHV QDQRSDUWLFXOHV HQ VXLYDQW XQ FRPSRUWHPHQW VLPLODLUH j
FHOXL REVHUYp SRXU O¶HVSqFH PRO\EGLTXH SRXU Ȗ   GLPLQXWLRQ GH O¶DEVRUEDQFH ORUV GHV
SUHPLHUVMRXUVSXLVVWDELOLVDWLRQDYHFXQHEDQGHSODVPRQWRXMRXUVELHQYLVLEOH(QUHYDQFKHVL
RQSUHQGODV\QWKqVHDYHFXQȖGHOD63%ILQLWSDUFRPSOqWHPHQWGLVSDUDLWUHV\QRQ\PHGH
O¶DJUpJDWLRQHWRXDXJPHQWDWLRQGH OD WDLOOHGHV13VFHTXL Q¶pWDLWSDV OHFDVDYHF O¶HVSqFH
PRO\EGLTXHILJXUH
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


(QILQODFHQWULIXJDWLRQSHUPHWpJDOHPHQWGHVpSDUHUOHVQDQRSDUWLFXOHVIRUPpHVDYHFO¶HVSqFH
YDQDGLTXHILJXUH
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)LJXUH6SHFWUHV89±YLVLEOHSUpVHQWDQWO¶pYROXWLRQGHPpODQJHV3203G,,Ȗ VXU
SOXVLHXUVMRXUV$DYHF3:0RHW%DYHF3:9
  




PpODQJHLQLWLDO3:93G
DSUqVPLQG
LUUDGLDWLRQ
VXUQDJHDQW
$
ORQJXHXUG
RQGHVQP
J 

)LJXUH6SHFWUHV89±YLVLEOHDYDQWHWDSUqVFHQWULIXJDWLRQG¶XQHV\QWKqVHGHQDQRSDUWLFXOHV
GH3GSDULUUDGLDWLRQDYHF3:9
III.3. Caractérisation physico-chimiques des nanoparticules de 
palladium obtenues par irradiation 
III.3.1. Microscopie électronique en transmission 
/DPLFURVFRSLHpOHFWURQLTXHHQWUDQVPLVVLRQ7(0FODVVLTXHHWjKDXWHUpVROXWLRQ+57(0
DpWpXWLOLVpHSRXUpYDOXHU OD IRUPH OD WDLOOHHW ODGLVSHUVLWpGHVQDQRSDUWLFXOHVGHSDOODGLXP
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


REWHQXHVSDULUUDGLDWLRQDYHFOHVGHX[320VSRXUGHVYDOHXUVGHȖ HW&HVFOLFKpV
RQWpWpSULVVXUOHVpFKDQWLOORQVODYpVjO¶HDXHWFRQFHQWUpVSDUFHQWULIXJDWLRQ&HVPHVXUHVRQW
pWpHQSDUWLHHIIHFWXpHVGDQVOHFDGUHG¶XQHFROODERUDWLRQHQWUHOH/DERUDWRLUH&KLPLH3K\VLTXH
HWOH/DERUDWRLUHGH&KLPLH3K\VLTXHHW0LFURELRORJLHSRXUO¶(QYLURQQHPHQWSDUOH'U1HXV
9LOj0DvWUHGHFRQIpUHQFHVGHO¶8QLYHUVLWpGH/RUUDLQH
/DSUHPLqUHUHPDUTXHHVWTXHOHVSDUWLFXOHVRQWWHQGDQFHjIRUPHUGHVDJUpJDWVSOXVRXPRLQV
LPSRUWDQW SUREDEOHPHQW GXV DX VpFKDJH VXU OD JULOOH VDQV GLIIpUHQFH QRWDEOH HQWUH OHV
GLIIpUHQWHVV\QWKqVHVILJXUHILJXUH'DQVODPDMRULWpGHVFDVRQVHPEOHDYRLUjIDLUHj
GHVSDUDOOpOpSLSqGHVSOXVRXPRLQVUpJXOLHUDYHFXQHDVVH]ERQQHGLVSHUVLWpHQWDLOOHHQWUH
HWQPGHGLDJRQDOHSRXUODPDMRULWpGHVSDUWLFXOHV$XYXGHVSUHPLHUVUpVXOWDWVLODSSDUDLW
TXHQLODQDWXUHGX320PRO\EGLTXHRXYDQDGLTXHQLODYDOHXUGXSDUDPqWUHȖQHYRQWDYRLU
G¶LQIOXHQFHVXUFHVQDQRSDUWLFXOHVWDEOHDXILJXUH/DOLWWpUDWXUHDPRQWUpGDQVOHFDVGH
13VG¶DUJHQWTXHODWDLOOHGHVQDQRSDUWLFXOHVDXJPHQWHDYHFOHSDUDPqWUHȖ/HIDLWTXHGDQV
QRWUH FDV OD WDLOOH GHV QDQRSDUWLFXOHV HVW VLPLODLUH SRXU O¶HQVHPEOH GHV pFKDQWLOORQV SHXW
V¶H[SOLTXHUSDUOHIDLWTXHOHVFOLFKpVRQWpWpSULVVXUGHVpFKDQWLOORQVODYpVHWFRQFHQWUpVVHORQ
OHPrPHSURWRFROHFLWpSOXVKDXW/HVKLVWRJUDPPHVGHGLVWULEXWLRQHQWDLOOHDYHFUpJUHVVLRQ
JDXVVLHQQHSRXUFKDTXHV\QWKqVHRQWpWpREWHQXVSDUDQDO\VHGHVSDUWLFXOHV VXU OHVFOLFKpV
7(0HQWUHHWSDUWLFXOHV






&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV
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)LJXUH,PDJHV7(0HWGLVWULEXWLRQVHQWDLOOHFRUUHVSRQGDQWHVSRXUOHV13VGHSDOODGLXP
REWHQXHVSDULUUDGLDWLRQG¶XQPpODQJH3:0R3GSRXUGLIIpUHQWHVȖ
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV
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)LJXUH,PDJHV7(0HWGLVWULEXWLRQVHQWDLOOHFRUUHVSRQGDQWHVSRXUOHV13VGHSDOODGLXP
REWHQXHVSDULUUDGLDWLRQG¶XQPpODQJH3:93GSRXUGLIIpUHQWHVȖ
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


7DEOHDX(FDUWV±W\SHVıPR\HQQHVܠതHWFRHIILFLHQWVGHYDULDWLRQUHODWLI 56'SRXU OHV
GLIIpUHQWHVV\QWKqVHVGH13VREWHQXVYLDOHVUpJUHVVLRQVJDXVVLHQQHV
320 Ȗ ıQP ܠതQP 56'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)LJXUH9DULDWLRQGHODWDLOOHPR\HQQHGHV13VDYHFGLVSHUVLRQVGRQQpHVjıUHSUpVHQWDQW
O¶pWDOHPHQWGHODSRSXODWLRQHQIRQFWLRQGXSDUDPqWUHȖSRXUOHVV\QWKqVHVSDULUUDGLDWLRQ
DYHFFKDTXH320

/D+57(0DSHUPLVGHPHWWUHHQpYLGHQFHODSUpVHQFHGHSDUWLFXOHVIDFHWWpHVHWpJDOHPHQWGH
YRLUO¶HPSLOHPHQWGHVDWRPHVGHSDOODGLXPHWOHVSODQVGHFURLVVDQFHVGHFHV13VILJXUH
*UkFHjFHVFOLFKpVjKDXWHUpVROXWLRQLOHVWSRVVLEOHGHPHVXUHUOHVGLVWDQFHVLQWHUUpWLFXODLUHV
HQWUHOHVGLIIpUHQWVSODQV/HVPHVXUHVQRXVGRQQHQWGHVGLVWDQFHVGHHWQPODPDLOOH
GXSDOODGLXPpWDQWXQHVWUXFWXUHFXELTXHIDFHVFHQWUpHVFHVGLVWDQFHVFRUUHVSRQGHQWGRQFDX[
SODQVHWUHVSHFWLYHPHQW(QILQSDUWUDQVIRUPpHGH)RXULHUUDSLGH))7)DVW
)RXULHU 7UDQVIRUP GH FHWWH LPDJH KDXWH UpVROXWLRQ LO HVW pJDOHPHQW SRVVLEOH G¶REWHQLU OHV
WDFKHVGHGLIIUDFWLRQFRUUHVSRQGDQWHV$SDUWLUGHFHVWDFKHVGHGLIIUDFWLRQ LOHVWSRVVLEOHGH
UHWURXYHUOHVSODQVGHFURLVVDQFHGHVQDQRSDUWLFXOHV
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV



)LJXUH,PDJHULHD7(0EHWG+57(0HWFWDFKHVGHGLIIUDFWLRQGHV13VGH3G
REWHQXHVSDULUUDGLDWLRQG¶XQPpODQJH3:0R3GȖ 
III.3.2. Spectroscopie photoélectronique X 
/DVSHFWURVFRSLHSKRWRpOHFWURQLTXH;;36SHUPHWG
REWHQLUODFRPSRVLWLRQFKLPLTXHG
XQH
VXUIDFH G
XQ PDWpULDX VXU XQH SURIRQGHXU YDULDQW GH  QP j  QP /D QDWXUH GHV OLDLVRQV
FKLPLTXHV OHVSRXUFHQWDJHVDWRPLTXHVHW OHVpWDWVG¶R[\GDWLRQGHVDWRPHVVRQWREWHQXVSDU
WUDLWHPHQWGHVGRQQpHV&HVDQDO\VHVRQWpWpHIIHFWXpHVVXUOHVpFKDQWLOORQVODYpVHWFRQFHQWUpV
SDUFHQWULIXJDWLRQ/HV PHVXUHVRQWpWpHIIHFWXpHV VXU OHVpFKDQWLOORQVREWHQXVSDUSOXVLHXUV
GpS{WVVXFFHVVLIVGHTXHOTXHVGHPLFUROLWUHVVXUGHVSODTXHVGHYHUUHUHFRXYHUWG¶,72LQGLXP
WLQR[LGHFRQGXFWHXU&HVPHVXUHVRQWpWpHIIHFWXpHVSDU1HXV9LOjSDUFROODERUDWLRQHQWUHOH
D E
))7
F G
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


/DERUDWRLUH&KLPLH3K\VLTXHGHO¶8QLYHUVLWp3DULV6XGHWOH/DERUDWRLUHGH&KLPLH3K\VLTXH
HW0LFURELRORJLHSRXUO¶(QYLURQQHPHQWGHO¶8QLYHUVLWpGH/RUUDLQH
/HVUpVXOWDWVVXUOHVV\QWKqVHVGHQDQRSDUWLFXOHVGHSDOODGLXPPRQWUHQWTXHSRXUOHVLJQDOGX
SDOODGLXPXQpSDXOHPHQWHVWREVHUYpjGHVpQHUJLHVGHOLDLVRQVSOXVpOHYpHVTXHFHOOHGH3G
VXJJpUDQWGRQFODSUpVHQFHGH3GHQIDLEOHTXDQWLWpILJXUH$7RXWHIRLVODTXDQWLILFDWLRQ
GHFHVWUDFHVGH3GHVWWUqVGLIILFLOHGXHDXFKHYDXFKHPHQWGHVGHX[VLJQDX[/HVVLJQDX[
UHODWLIVDXSKRVSKRUHPRO\EGqQHHWWXQJVWqQHILJXUH%VRQWpJDOHPHQWREVHUYpV7RXWHIRLV
OHVSURSRUWLRQVUHODWLYHVGHFHVpOpPHQWVQHFRUUHVSRQGHQWSOXVjFHOOHVDXVHLQGHODVWUXFWXUH
GX320WDEOHDX&HWWHREVHUYDWLRQVHUDGLVFXWpHSOXVORQJXHPHQWGDQVODSDUWLHVXLYDQWH
VXUODGLIIUDFWLRQGHVUD\RQV;
 
)LJXUH6SHFWUHV;36GHV13VGH3GREWHQXHVSDULUUDGLDWLRQG¶XQPpODQJH3:93GȖ $SRXUOHSDOODGLXPHW%SRXUOHWXQVJWqQH

/HV UpVXOWDWV VRQW FODLUHPHQW GLIIpUHQWV VXLYDQW OH 320 XWLOLVp SRXU OD IRUPDWLRQ GH FHV
QDQRSDUWLFXOHV3RXUO¶HVSqFHPRO\EGLTXHORUVTXHOHSDUDPqWUHȖGLPLQXHLHODFRQFHQWUDWLRQ
LQLWLDOHHQ3GGLPLQXHODFRQFHQWUDWLRQUHODWLYHHQSDOODGLXPDXJPHQWHDORUVTXHGDQVOHFDV
GHO¶HVSqFHYDQDGLTXHRQREWLHQWO¶LQYHUVHWDEOHDX1RXVDYRQVGpMjYXORUVGHO¶pWXGHSDU
VSHFWURVFRSLH89±YLVLEOHGHODVWDELOLWpGHVGLVSHUVLRQVTXHOHVGHX[320VQHSUpVHQWDLHQW
SDVOHPrPHFRPSRUWHPHQW&HODWHQGjPRQWUHUTXHOHSRXYRLUVXUIDFWDQWGHFKDTXH320HVW
XQLTXH/HIDLWTXHODFRQFHQWUDWLRQDWRPLTXHUHODWLYHDXJPHQWHTXDQGȖGLPLQXHSRXUO¶HVSqFH
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


PRO\EGLTXHVLJQLILHTXHPRLQVLO\DGHSDOODGLXPPRLQVLO\DEHVRLQGH320SRXUVWDELOLVHU
OHVSDUWLFXOHVFKRVHFRQWUDLUHGDQV OHFDVGH O¶HVSqFHYDQDGLTXH2QSRXUUDLWGRQFFRQFOXUH
TXHO¶HVSqFHPRO\EGLTXHHVWXQPHLOOHXUVXUIDFWDQWFRPSDUpHjO¶HVSqFHYDQDGLTXH

7DEOHDX  &RQFHQWUDWLRQV DWRPLTXHV UHODWLYHV REWHQXHV SDU ;36 SRXU OHV V\QWKqVHV GH
QDQRSDUWLFXOHVSDULUUDGLDWLRQG¶XQPpODQJH3203GSRXUFKDTXH320jGLIIpUHQWVȖ
320 (OpPHQW &RQFHQWUDWLRQDWRPLTXHUHODWLYHȖ  Ȗ  Ȗ 
3:0R
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   
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3GG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 

III.3.3. Diffraction des rayons X 
/DGLIIUDFWLRQVXUSRXGUHGRQQHDFFqVjXQFHUWDLQ QRPEUHG
LQIRUPDWLRQV LPSRUWDQWHV ELHQ
TX
HOOHQHUHSUpVHQWHTX
XQHSURMHFWLRQjXQHGLPHQVLRQGHO
HVSDFHUpFLSURTXHWULGLPHQVLRQQHO
2QSHUGGRQFGHVUHQVHLJQHPHQWVSDUUDSSRUWjODGLIIUDFWLRQVXUPRQRFULVWDO
&RPPHGDQVOHFDVGHVDQDO\VHV;36FHVDQDO\VHVRQWpWpHIIHFWXpHVVXUOHVpFKDQWLOORQVODYpV
HWFRQFHQWUpVSDUFHQWULIXJDWLRQ
/HVUpVXOWDWVVRQWWRXWjIDLWHQDFFRUGDYHFOHVGRQQpHVFULVWDOORJUDSKLTXHVGXSDOODGLXPOHV
SLFV GH GLIIUDFWLRQ GHV SODQV   HW  VRQW REVHUYpV j   HW 
UHVSHFWLYHPHQW /H PDWpULDX VH WURXYH GRQF VRXV XQH IRUPHFULVWDOOLVpH FRUUHVSRQGDQW DX
SDOODGLXPGHVWUXFWXUHFXELTXHIDFHVFHQWUpHV$XFXQHDXWUHIRUPHFULVWDOOLVpHQ¶HVWREVHUYpH
FRPPHODSUpVHQFHG¶R[\GHVSDUH[HPSOH,OHVWpJDOHPHQWSRVVLEOHGHOLVVHUODFRXUEHGHV
GRQQpHVEUXWHVDILQGHGLPLQXHUOHEUXLWVXUOHGLIIUDFWRJUDPPHILJXUH/¶DEVHQFHGHSLFV
GHGLIIUDFWLRQFDUDFWpULVWLTXHGX320V¶H[SOLTXHSDUODSUpVHQFHGHSDUWLFXOHVDPRUSKHVjEDVH
GH 320V RX HQFRUH SDU O¶K\GURO\VH GHV 320V PHQDQW j OHXU GpFRPSRVLWLRQ &HV FHQWUHV
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


PpWDOOLTXHV VRQW SUREDEOHPHQW VRXV IRUPH GH IUDJPHQWV SOXV RX PRLQV FRQGHQVpV 'HV
REVHUYDWLRQV VLPLODLUHV DYDLHQW pWp HIIHFWXpHV SDU GHV WUDYDX[ GH 6 0DQGDO HW DO &HWWH
K\SRWKqVH H[SOLTXH pJDOHPHQW SRXUTXRL OHV FRQFHQWUDWLRQV DWRPLTXHV UHODWLYHV GHV PpWDX[
GpWHUPLQpHVSDU;36QHFRUUHVSRQGHQWSOXVDX[UDSSRUWVGHVpOpPHQWVDXVHLQGHODVWUXFWXUH
GX 320 LQLWLDO ,O FRQYLHQGUDLW SRXU FRQILUPHU FHWWH K\SRWKqVH GH UpDOLVHU OHV PrPHV
FDUDFWpULVDWLRQVVXUGHVQDQRSDUWLFXOHVQRQODYpHV
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)LJXUH'LIIUDFWRJUDPPHGHV13VGH3GREWHQXHVSDULUUDGLDWLRQG¶XQPpODQJH
3:0R3GȖ 
Conclusion 
&H WURLVLqPH FKDSLWUH HVW FHQWUp VXU OD IRUPDWLRQ HW OD FDUDFWpULVDWLRQ GH QDQRSDUWLFXOHV GH
SDOODGLXP REWHQXHV SDU LUUDGLDWLRQ GDQV OH GRPDLQH GX YLVLEOH G¶XQ PpODQJH FRQWHQDQW OH
SUpFXUVHXUPpWDOOLTXHXQ320HWOHGRQQHXUVDFULILFLHOG¶pOHFWURQV,OHVWFHUWDLQTXHOH320
DVVXUH OH U{OHGH PpGLDWHXUG¶pOHFWURQVHQWUH OHGRQQHXU VDFULILFLHOHW OHFDWLRQ PpWDOOLTXHj
UpGXLUHHQUHYDQFKHVRQU{OHGHVXUIDFWDQWSRXUODVWDELOLVDWLRQGHVQDQRSDUWLFXOHVIRUPpHVHVW
PRLQVQHW3DUPLOHV320VpWXGLpVOHVGHX[320VWULVXEVWLWXpVGHW\SH'DZVRQĮ3:0R
HWĮ3:9RQWpWpVpOHFWLRQQpV'DQVXQSUHPLHUWHPSVQRXVDYRQVpWXGLpOHXUVUpSRQVHV
HQVSHFWURVFRSLH89±YLVLEOHHQIRQFWLRQGH OHXUpWDWGHUpGXFWLRQSDUVSHFWURpOHFWURFKLPLH
SRXU GpWHUPLQHU OHXU FRPSRUWHPHQW DX FRXUV GHV H[SpULHQFHV GH IRUPDWLRQ GHV 13V VRXV
LUUDGLDWLRQ,OHVWDSSDUXTXHO¶LUUDGLDWLRQGDQVOHGRPDLQHGXYLVLEOHȜQPHVWHIILFDFH
SRXUUpGXLUHOHV320VjXQpOHFWURQHQSUpVHQFHG¶LVRSURSDQRO7RXWHIRLVLOIDXWTXHFHV320V
VRLHQWFDSDEOHVG¶DEVRUEHU OD OXPLqUHpPLVH(Q UHYDQFKH O¶LUUDGLDWLRQ GDQV OHVFRQGLWLRQV
FKRLVLHV QH SHUPHW SDV GH UpGXLUH OHV 320V j SOXV G¶XQ pOHFWURQ /D FRQFHQWUDWLRQ HQ
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


LVRSURSDQROODSXLVVDQFHGHVRUWLHGHODODPSHRXHQFRUHODWHPSpUDWXUHHQWUHDXWUHVVRQWGHV
SDUDPqWUHV TXL YRQW MRXHU VXU OD FLQpWLTXH GH UpGXFWLRQ GHV 320V HW SDU FRQVpTXHQW VXU OD
YLWHVVHGHIRUPDWLRQGHVQDQRSDUWLFXOHVGHSDOODGLXP&¶HVWSRXUFHODTX¶LODpWpGpFLGpGHIL[HU
O¶HQVHPEOHGHVSDUDPqWUHVGHV\QWKqVHVGHVQDQRSDUWLFXOHVHQIDLVDQWYDULHUOHVHXOSDUDPqWUH
ȖUHODWLIjODFRQFHQWUDWLRQHQSUpFXUVHXUGHSDOODGLXPߛ ൌ ሾܲ݀ଶାሿሾܱܲܯሿ
/¶LUUDGLDWLRQV¶DYqUHrWUHXQHPpWKRGHWUqVHIILFDFHSRXUODUpGXFWLRQGHVLRQV3G/HVXLYL
SDUVSHFWURVFRSLH89±YLVLEOHGHVV\QWKqVHVSDULUUDGLDWLRQDSHUPLVGHPHWWUHHQpYLGHQFHOD
IRUPDWLRQ GH QDQRSDUWLFXOHV GH SDOODGLXP /D EDQGH GH UpVRQDQFH SODVPRQ W\SLTXH GHV
QDQRSDUWLFXOHVGHSDOODGLXPDSSDUDLWWUqVUDSLGHPHQW&HVQDQRSDUWLFXOHVDLQVLREWHQXHVVRQW
VWDEOHVVXUXQHGXUpHPLQLPXPG¶XQPRLVGDQVSUHVTXHWRXVOHVFDV6HXOHVOHVQDQRSDUWLFXOHV
REWHQXHVYLDODUpGXFWLRQGHĮ3:9GDQVGHVFRQGLWLRQVGHȖpOHYpVHVRQWDJUpJpHVSRXU
ILQDOHPHQWVpGLPHQWHU&HVQDQRSDUWLFXOHVRQWHQVXLWHpWpDQDO\VpHVSDU7(0HW;36HWDXFXQH
GLIIpUHQFHQHWWHQ¶HVWREVHUYpHVHORQOHXUVFRQGLWLRQVGHIRUPDWLRQ&HSHQGDQWLOIDXWSUHQGUH
HQ FRPSWH TXH FHV DQDO\VHV RQW pWp HIIHFWXpHV VXU GHV QDQRSDUWLFXOHV ODYpHV j O¶HDX HW
FRQFHQWUpHVSDUFHQWULIXJDWLRQ&HWWHpWDSHGHODYDJHSRXUUDLWrWUHjO¶RULJLQHGXFDUDFWqUHSHX
FRQWUDVWpGHVUpVXOWDWVHQFDXVDQWO¶K\GURO\VHGHODVWUXFWXUHGX320&HWWHpWDSHGHODYDJHHVW
SRXUWDQWQpFHVVDLUHSRXUV¶DIIUDQFKLUGHWRXWHSUpVHQFHGH320RXGH3GOLEUHVUpVLGXHOV
/¶LQFRQYpQLHQWPDMHXUGHFHWWHPpWKRGHGHV\QWKqVHHVWODTXDQWLWpGHQDQRSDUWLFXOHVSURGXLWHV
HQ ILQ GH V\QWKqVH (Q HIIHW O¶LUUDGLDWLRQ GDQV OH FDV SUpVHQW VH IDLW VXU HQYLURQ  P/ GH
VROXWLRQjGHVFRQFHQWUDWLRQVDXWRXUGH0'DQVO¶RSWLTXHGHSUpSDUHUGHVTXDQWLWpVSOXV
LPSRUWDQWHV LO QRXV IDXGUD UHYHQLU j O¶pOHFWURUpGXFWLRQ DILQ G¶REWHQLU OH 320 UpGXLW VRXV
IRUPHVROLGH/HVQDQRSDUWLFXOHV VRQWHQVXLWHREWHQXHVSDUPpODQJHHQVROXWLRQGHFH320
UpGXLWHWGXSUpFXUVHXUPpWDOOLTXH/HSURWRFROHHVWHQVXLWHLGHQWLTXHjFHOXLGHODPpWKRGHSDU
LUUDGLDWLRQjVDYRLUODYDJHHWFRQFHQWUDWLRQSDUFHQWULIXJDWLRQ/DVSHFWURVFRSLH89±YLVLEOH
DSHUPLVGHPRQWUHUTX¶RQREWHQDLWGHVUpVXOWDWVVLPLODLUHVVHORQFHWWHPpWKRGHGHV\QWKqVH
/D V\QWKqVH GHV QDQRSDUWLFXOHV GH SDOODGLXP SDU LUUDGLDWLRQ V¶DYqUH GRQF rWUH XQH PpWKRGH
UHODWLYHPHQW VLPSOHHIILFDFHHW UHSURGXFWLEOHSRXUREWHQLUGHVQDQRSDUWLFXOHVGHSDOODGLXP
&HVQDQRSDUWLFXOHVVHURQWFDUDFWpULVpHVSDUpOHFWURFKLPLHGDQVOHFKDSLWUHVXLYDQWHWXWLOLVpHV
GDQV OH FDGUH G¶DSSOLFDWLRQV HQ pOHFWURFDWDO\VH SRXU OD UpGXFWLRQ GHV LRQV QLWUDWH HW GX
GLR[\JqQH 
&KDSLWUH,,,±6\QWKqVHHWFDUDFWpULVDWLRQVGHQDQRSDUWLFXOHVPpWDOOLTXHV


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Chapitre IV Ȃ Caractérisation électrochimique et propriétés 
électro-catalytiques des nanoparticules de palladium et des 
matériaux hybrides POMs/NPs  
Introduction  
1RXV DYRQV DGDSWp XQH PpWKRGH VLPSOH HW IDFLOHPHQW UHSURGXFWLEOH SRXU OD V\QWKqVH GH
QDQRSDUWLFXOHVPpWDOOLTXHVGH IRUPHHWGHWDLOOHKRPRJqQHV$YHF OHV LRQV3GQRXVDYRQV
REWHQXVGHV13VGH3GGHWDLOOH LQIpULHXUHRXpJDOHjQPDYHFXQHERQQHGLVSHUVLRQGH
WDLOOHV/HVGLIIpUHQWHVDQDO\VHVRQWPRQWUpTXHGHVWUDFHVGHSUpFXUVHXUGHSDOODGLXP,,VRQW
SUpVHQWHVPDLVHQWUqV IDLEOHTXDQWLWpPRQWUDQWTXHFHWWHYRLHGHV\QWKqVHHVWHIILFDFHSRXU
REWHQLUHWVWDELOLVHUOHSDOODGLXPPpWDOOLTXHjO¶pFKHOOHQDQRPpWULTXH
/HFRPSRUWHPHQWpOHFWURFKLPLTXHGXSDOODGLXPPpWDOOLTXHGpSRVpVXUXQHpOHFWURGHGHWUDYDLO
HVWUHODWLYHPHQWELHQFRQQX/HEXWGHQRWUHWUDYDLOHVWGHPRQWUHUO¶LQWpUrWGHWUDYDLOOHUDYHF
OHV320VTXLMRXHQWOHU{OHG¶DJHQWVUpGXFWHXUVHWG¶DJHQWVVWDELOLVDWHXUVGHV13VHWPHWWUH
HQpYLGHQFHVLWHOHVWOHFDVO¶HIIHWEpQpILTXHGXSRLQWGHYXHGHVSURSULpWpVpOHFWURFDWDO\WLTXHV
TXHYDHQWUDLQHUODV\QHUJLHHQWUHOHVPROpFXOHVGH320HWOD13GH3G(QHIIHWOHSDOODGLXP
VHXORXSOXV VRXYHQW VRXV IRUPHGHPDWpULDX[FRPSRVLWHVHVWGpMjFRQQXSRXU VRQSRXYRLU
FDWDO\WLTXHSRXUODSURGXFWLRQG¶K\GURJqQHRXOD UpGXFWLRQGHV12[HQWUHDXWUHV±(W OHV
320VVXLYDQWOHXUFRPSRVLWLRQVRQWpJDOHPHQWFRQQXVSRXUFDWDO\VHUFHVPrPHVUpDFWLRQV±

&HFKDSLWUHYDGRQFV¶DUWLFXOHUGDQVXQSUHPLHUWHPSVDXWRXUGHO¶pWXGHpOHFWURFKLPLTXHGHV
320VGHVQDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13VGpSRVpVVXUXQH
pOHFWURGHGHFDUERQHYLWUHX[/DVHFRQGHSDUWLHGHFHFKDSLWUHVHUDFRQVDFUpHjO¶H[SORUDWLRQ
GHO¶DFWLYLWppOHFWURFDWDO\WLTXHGHFHVGLIIpUHQWVPDWpULDX[YLVjYLVGHODUpGXFWLRQGHVLRQV
QLWUDWHG¶XQHSDUWHWGXGLR[\JqQHG¶DXWUHSDUW/DUpGXFWLRQGHVLRQVQLWUDWHHVWXQFKDPSGH
UHFKHUFKH WUqV DFWLI SDUFH TX¶LOV SHXYHQW rWUH FRQVLGpUpV FRPPH SROOXDQWV (Q HIIHW
O¶2UJDQLVDWLRQ0RQGLDOHGHOD6DQWpDIL[pXQHFRQFHQWUDWLRQPD[LPDOHDGPLVVLEOH&0$GH
O¶HDX SRWDEOH HQ LRQV QLWUDWH j  PJ/ G¶R O¶LPSRUWDQFH GH OHXU pOLPLQDWLRQ /HV
PpFDQLVPHVGHUpGXFWLRQGHVLRQVQLWUDWHSHXYHQWGHYHQLUWUqVFRPSOH[HVGHSDUODPXOWLWXGH
GH FRPSRVpV FRQWHQDQW O¶D]RWH j GHV pWDWV G¶R[\GDWLRQ SOXV IDLEOHV TX¶LOV SHXYHQW JpQpUHU
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V



7RXWHIRLVLOHVWSRVVLEOHG¶pWDEOLUHWGHFRQWU{OHUGHVYRLHVGHUpGXFWLRQHWOHVHVSqFHVSURGXLWHV
YRQWGpSHQGUHGXPLOLHXDLQVLTXHGHODQDWXUHGXPDWpULDXXWLOLVpSRXUOHXUUpGXFWLRQILJXUH
±
,QGXVWULHOOHPHQWODUpGXFWLRQGHVLRQVQLWUDWHHQK\GUR[\ODPLQHHVWXWLOLVpHSRXUODIRUPDWLRQ
GHODFDSURODFWDPHPRQRPqUHGXQ\ORQ

)LJXUH6FKpPDSUpVHQWDQWOHVSRVVLEOHVHVSqFHVSURGXLWHVORUVGHODUpGXFWLRQGHVLRQV
QLWUDWH

/D UpGXFWLRQ GX GLR[\JqQH TXDQW j HOOH VXVFLWH pJDOHPHQW EHDXFRXS G¶LQWpUrWV QRWDPPHQW
SRXUOHVSLOHVjFRPEXVWLEOHV(WLODpWpPLVHQDYDQWTXHFHUWDLQV320VQRWDPPHQWFRQWHQDQW
GHVFHQWUHV)H,,,RX&X,,VRQWFDSDEOHVGHUpGXLUH OHGLR[\JqQHjGHVSRWHQWLHOVUHODWLYHPHQW
EDV± /D UpGXFWLRQ WRWDOH GX GLR[\JqQH FRQGXLW j OD IRUPDWLRQ GH+2 7RXWHIRLV LO HVW
LPSRUWDQW GH SUHQGUH HQ FRPSWH TXH OD UpGXFWLRQ GX GLR[\JqQH SHXW pJDOHPHQW PHQHU j OD
IRUPDWLRQGH+2VRXVSURGXLWGHUpDFWLRQTX¶LOIDXWSXLVTX¶LOSHXWDWWDTXHUGHVFRPSRVDQWV
GHVSLOHVjFRPEXVWLEOH

IV.1. ±±ǯ± 
IV.1.1. ǯ± 
/DPRGLILFDWLRQG¶pOHFWURGHVFRQVLVWHjYHQLU©FROOHUªjODVXUIDFHGHO¶pOHFWURGHGHWUDYDLOOH
PDWpULDXFRQGXFWHXURXVHPLFRQGXFWHXUVRXKDLWpFUpDQWDLQVLFHTX¶RQDSSHOOHXQH©pOHFWURGH
VROLGHª RX ©pOHFWURGH PRGLILpHª /D PRGLILFDWLRQ G¶pOHFWURGHV j EDVH GH 320V D VXVFLWp
EHDXFRXS G¶LQWpUrW QRWDPPHQW GDQV OH GRPDLQH GH OD UHFKHUFKH GH QRXYHDX[ PDWpULDX[
G¶pOHFWURGHV SRXU OD SURGXFWLRQ G¶K\GURJqQH +(5± 'DQV FH FDV OH 320 HVW pOHFWUR
GpSRVpjODVXUIDFHGHO¶pOHFWURGHHQWUDYDLOODQWG¶XQHPDQLqUHJpQpUDOHHQPLOLHXDFLGHHWDYHF
12 12 12
1
1+
1+2+
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V



XQSRWHQWLHOLPSRVpWUqVEDV7RXWHIRLVFHWWHPpWKRGHGHPRGLILFDWLRQELHQTXHWUqVHIILFDFH
VRXOqYHODTXHVWLRQVXUODQDWXUHGHVHVSqFHVGpSRVpHV(QHIIHWDXFXQHpWXGHQ¶DSXGpPRQWUHU
TXHOHPDWpULDXGpSRVpjODVXUIDFHGHO¶pOHFWURGHGHWUDYDLOJDUGDLWO¶LQWpJULWpHWODFRPSRVLWLRQ
G¶XQ320,ODSSDUDLWSOXVSODXVLEOHTXHFHGpS{WVRLWSOXW{WFRQVWLWXpGHIUDJPHQWVPpWDOODWHV
SOXVRXPRLQVFRQGHQVpV
'DQVO¶RSWLTXHGHFRQVHUYHUODVWUXFWXUHGX320HWSDUFRQVpTXHQWVHVSURSULpWpVQRXVDYRQV
GRQFpFDUWpFHWWHPpWKRGHHWFKRLVLGHGpSRVHUOH320SDUDGVRUSWLRQGLUHFWHjODVXUIDFHGH
O¶pOHFWURGH 'DQV QRWUH FDV QRXV DYRQV FKRLVL GH GLVSHUVHU OH 320 HQ VROXWLRQ GDQV GH OD
SRXGUHGHQRLUGHFDUERQH9XOFDQ;&ZWFRQFHQWUDWLRQGHODVROXWLRQGH320GH
0HWHQGpSRVHUXQHJRXWWHGHTXHOTXHVPLFUROLWUHVjODVXUIDFHGHO¶pOHFWURGHGHWUDYDLO
 PP8QHIRLVVHFFHGpS{WHVWUHFRXYHUWG¶XQHFRXFKHGH1DILRQFRSRO\PqUHIOXRUp
WUqVVRXYHQWXWLOLVpFRPPHPHPEUDQHpOHFWURO\WHGDQVOHVSLOHVjFRPEXVWLEOHVSRXUHPSrFKHU
TXHFHGpS{WQHVHGpWDFKHGHO¶pOHFWURGH/DGLVSHUVLRQGDQVODSRXGUHGHFDUERQHYDSHUPHWWUH
G¶DPpOLRUHUO¶DGVRUSWLRQGX320jODVXUIDFHGHO¶pOHFWURGH'HVWHVWVVDQVSRXGUHGHFDUERQH
RQWpWpHIIHFWXpVOH320GLUHFWHPHQWGpSRVpjODVXUIDFHGHO¶pOHFWURGHGHFDUERQHYLWUHX[SDU
©GURS FRDWLQJª  pWDLW UHODUJXp HQ VROXWLRQ PDOJUp OD FRXFKH GH 1DILRQ &HV pWXGHV
pOHFWURFKLPLTXHV j O¶pWDW VROLGH RQW pWp HIIHFWXpHV DYHF OHV PrPHV 320V XWLOLVpV SRXU OD
V\QWKqVHGHV13VGHSDOODGLXPGDQVOHFKDSLWUHSUpFpGHQW
8QHpWXGHGHODYDULDWLRQGXFRXUDQWGHSLFHQIRQFWLRQGHODYLWHVVHGHEDOD\DJHPRQWUHELHQ
ODGpSHQGDQFHOLQpDLUHHQWUHO¶LQWHQVLWpGHFHFRXUDQWHWODYLWHVVHGHEDOD\DJHWUDGXLVDQWTXH
OHVpFKDQJHVpOHFWURQLTXHVQHVRQWSDVUpJLVSDUOHVSKpQRPqQHVGHGLIIXVLRQHWTXHQRXVDYRQV
ELHQjIDLUHjXQHpOHFWURGHVROLGHILJXUH$ILJXUH$/HVYROWDPPRJUDPPHVREWHQXVVRQW
VLPLODLUHVjFHX[FRUUHVSRQGDQWDX[HVSqFHVHQVROXWLRQ&HSHQGDQWVL OHQRPEUHGHYDJXHV
HVWFRQVHUYp OHXUIRUPHHVWFDUDFWpULVWLTXHGHVHVSqFHVGpSRVpHVjODVXUIDFHGHVpOHFWURGHV
DYHFGHVYDJXHVGHUpGXFWLRQHWG¶R[\GDWLRQGHYHQDQWV\PpWULTXHV8QHOpJqUHGLIIpUHQFHHVW
REVHUYpHVXUOHVFHQWUHV0R9,SRXU3:0RjS+DYHFXQHVpSDUDWLRQGHVGHX[SUHPLqUHV
YDJXHVSOXVSURQRQFpHHQVROXWLRQYRLU,,F'DQVOHFDVGHO¶pOHFWURGHVROLGHXQVLPSOH
pSDXOHPHQWHVWREVHUYp WUDGXLVDQWTXHOHVpFKDQJHVpOHFWURQLTXHVQHVH IRQWSDVj ODPrPH
YLWHVVHILJXUH%2QSHXWpJDOHPHQWFRQVLGpUHUXQHYDULDWLRQORFDOHGXS+DXQLYHDXGHOD
VXUIDFHGHO¶pOHFWURGH/HVSRWHQWLHOVGHYDJXHVRQWUHODWLYHPHQWSURFKHVGHVYDOHXUVREWHQXV
SRXUOHVHVSqFHVHQVROXWLRQ'HSOXVODGpSHQGDQFHGHVSRWHQWLHOVGHYDJXHHQIRQFWLRQGXS+
HVWDXVVL ODPrPHQHODLVVDQWDXFXQGRXWHVXUODQDWXUHGHVFRPSRVpVGpSRVpVjO¶pOHFWURGH
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V



3RXUO¶HVSqFHYDQDGLTXHOHFRPSRUWHPHQWHQVROXWLRQRXjO¶pWDWVROLGHHVWOHPrPHSRXUOHV
YDJXHVGHVFHQWUHV992QREVHUYHXQHVHXOHYDJXHjS+HWXQpSDXOHPHQW VH IRUPHHW
GHYLHQW GH SOXV HQ SOXV QHW DX IXU HW j PHVXUH TXH OH S+ DXJPHQWH ILJXUH % /HV
FRPSDUDLVRQV HQWUH OHV &9V SRXU O¶HVSqFH HQ VROXWLRQ HW O¶HVSqFH ©FROOpHª j O¶pOHFWURGH
PRQWUHQWTXHOHXUVFRPSRUWHPHQWVVRQWWUqVSURFKHVOHVSRWHQWLHOVGHUpGXFWLRQGHVGLIIpUHQWV
FHQWUHV PRO\EGLTXHV RX YDQDGLTXHV VRQW TXDVLPHQW OHV PrPHV ILJXUH % ILJXUH % /D
GLIIpUHQFH V¶REVHUYH GDQV OHV YDOHXUV GH SRWHQWLHOV GH SLFV DQRGLTXHV (Q HIIHW SRXU OHV
pOHFWURGHV PRGLILpHV OH SRWHQWLHO GH SLF DQRGLTXH HW OH SRWHQWLHO GH SLF FDWKRGLTXH
FRUUHVSRQGDQW RQW SUHVTXH OD PrPH YDOHXU SKpQRPqQH FDUDFWpULVWLTXH GHV pOHFWURGHV GLWHV
VROLGHV3RXUOHVHVSqFHVHQVROXWLRQXQGpFDODJHYHUVGHVSRWHQWLHOVSOXVSRVLWLIVHVWREVHUYp
GpFDODJHTXLYDGpSHQGUHGXQRPEUHG¶pOHFWURQVPLVHQMHXFDUDFWpULVWLTXHGHVSURFHVVXVUHGR[
UpJLV SDU OHV SKpQRPqQHV GH GLIIXVLRQ /HV &9V FRPSOHWV GHV pOHFWURGHV PRGLILpHV VRQW
PRQWUpVHQDQQH[HFIDQQH[H,,

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)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVGHO¶pOHFWURGHPRGLILpHDYHF3:0R&$pWXGHHQIRQFWLRQGHODYLWHVVHGHEDOD\DJHSRXUOHVYDJXHVGXPRO\EGqQHjS+LQVHW9DULDWLRQGH
O¶LQWHQVLWpGXSUHPLHUSLFFDWKRGLTXHHWGXSLFDQRGLTXHFRUUHVSRQGDQWHQIRQFWLRQGHODYLWHVVH
GHEDOD\DJH%pYROXWLRQGX&9jS+HWS+jP9V
S+0+62S+01D62+62
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V
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)LJXUH$9ROWDPPRJUDPPHVF\FOLTXHVGH3:0RHQVROXWLRQpWXGHHQIRQFWLRQGHOD
YLWHVVHGHEDOD\DJHSRXUOHVYDJXHVGXPRO\EGqQHjS+LQVHW9DULDWLRQGHO¶LQWHQVLWpGX
SUHPLHUSLFFDWKRGLTXHHWGXSLFDQRGLTXHFRUUHVSRQGDQWHQIRQFWLRQGHODYLWHVVHGHEDOD\DJH
%FRPSDUDLVRQHQWUHOH320HQVROXWLRQHWO¶pOHFWURGHPRGLILpHjP9V
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)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVGHO¶pOHFWURGHPRGLILpHDYHF3:9&$pWXGHHQIRQFWLRQGHODYLWHVVHGHEDOD\DJHSRXUODYDJXHGXYDQDGLXPjS+LQVHW9DULDWLRQGH
O¶LQWHQVLWpGXSLFFDWKRGLTXHHWGXSLFDQRGLTXHFRUUHVSRQGDQWHQIRQFWLRQGHODYLWHVVHGH
EDOD\DJH%pYROXWLRQGX&9jS+HWS+jP9V
S+0+62S+01D62+62
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V
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)LJXUH$9ROWDPPRJUDPPHVF\FOLTXHVGH3:9HQVROXWLRQpWXGHHQIRQFWLRQGHOD
YLWHVVHGHEDOD\DJHSRXUOHVYDJXHVGXPRO\EGqQHjS+LQVHW9DULDWLRQGHO¶LQWHQVLWpGX
SUHPLHUSLFFDWKRGLTXHHWGXSLFDQRGLTXHFRUUHVSRQGDQWHQIRQFWLRQGHODYLWHVVHGHEDOD\DJH
%FRPSDUDLVRQHQWUHOH320HQVROXWLRQHWO¶pOHFWURGHPRGLILpHjP9V
S+0+62
IV.1.2.  ǯ±    
palladium  
IV.1.2.a. Caractérisation 
/DPRGLILFDWLRQG¶pOHFWURGHSDUOHV13VGHSDOODGLXPDpWpIDLWHGHODPDQLqUHVXLYDQWH/
G¶XQHVROXWLRQGH13VODYpHVHWFRQFHQWUpHVSDUFHQWULIXJDWLRQHVWGpSRVpHVXUODVXUIDFHGH
O¶pOHFWURGHGHWUDYDLOGHFDUERQHYLWUHX[/HVpWXGHVpOHFWURFKLPLTXHVYLHQQHQWFRPSOpWHUOHV
UpVXOWDWVGXFKDSLWUHSUpFpGHQWSXLVTXHOHVYROWDPPRJUDPPHVREWHQXVSRXUQRVQDQRSDUWLFXOHV
GHSDOODGLXPVRQWWRXWjIDLWHQDFFRUGDYHFODOLWWpUDWXUHILJXUH/HEDOD\DJHHQUpGXFWLRQ
YHUV GHV SRWHQWLHOV SOXV IDLEOHV IDLW DSSDUDLWUH OHV YDJXHV W\SLTXHV GX SKpQRPqQH
G¶DGVRUSWLRQGpVRUSWLRQ GH O¶K\GURJqQH VXLYL GH O¶+(5 K\GURJHQ HYROXWLRQ UHDFWLRQ OHV
SURWRQVVRQWDGVRUEpVHWUpGXLWVjODVXUIDFHGHO¶pOHFWURGHHWORUVTXHO¶RQYDYHUVGHVSRWHQWLHOV
HQFRUH SOXV EDV LOV VRQW GpJDJpV VRXV IRUPH GH + /H EDOD\DJH HQ R[\GDWLRQ PRQWUH OD
IRUPDWLRQ G¶R[\GHV GH SDOODGLXP TXL YRQW V¶DGVRUEHU j OD VXUIDFH GH O¶pOHFWURGH /H SLF
FDWKRGLTXH ILQ LQWHQVHHW V\PpWULTXHHVWFDUDFWpULVWLTXHGH OD UpGXFWLRQHW ODGpVRUSWLRQGHV
R[\GHVGHSDOODGLXPFROOpHVjODVXUIDFHGHO¶pOHFWURGH2QILQLWSDUUHWURXYHU3GjODVXUIDFH
GHO¶pOHFWURGHORUVTXHOHF\FOHHVWHIIHFWXpHQWLqUHPHQW/¶pYROXWLRQGHV&9VHQIRQFWLRQGHOD
YLWHVVHGHEDOD\DJHPRQWUHTXHOHV\VWqPHHVWFDUDFWpULVWLTXHG¶XQHpOHFWURGH©VROLGHªHWOHV
SURFHVVXV UHGR[ QH VRQW GRQF SDV UpJLV SDU OD GLIIXVLRQ SXLVTXH O¶LQWHQVLWp GHV SLFV HVW
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V



OLQpDLUHPHQW SURSRUWLRQQHOOH j OD YLWHVVH GH EDOD\DJH ILJXUH  TXH FH VRLW SRXU OH SLF  GH
O¶K\GURJqQHRXFHOXLGHGpVRUSWLRQGHVR[\GHVGHSDOODGLXP
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)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVGHVQDQRSDUWLFXOHVGHSDOODGLXPjS+$&9
PRQWUDQWO¶DGVRUSWLRQGpVRUSWLRQGHO¶K\GURJqQHHWO¶+(5%&9PRQWUDQW
O¶DGVRUSWLRQGpVRUSWLRQGHVR[\GHVGHSDOODGLXP&&9FRPSOHW
S+0+62YLWHVVHGHEDOD\JHP9V
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
)LJXUH(YROXWLRQGHV&9VGHVQDQRSDUWLFXOHVGHSDOODGLXPjS+HQIRQFWLRQGHODYLWHVVH
GHEDOD\DJHSRXU$OHGRPDLQHGHO¶DGVRUSWLRQGpVRUSWLRQGHO¶K\GURJqQHHW%OHGRPDLQHGH
O¶DGVRUSWLRQGpVRUSWLRQGHVR[\GHVGHSDOODGLXPHWGHO¶K\GURJqQH,QVHWYDULDWLRQGHV
LQWHQVLWpVGHSLFFDWKRGLTXH,SFHQIRQFWLRQGHODYLWHVVHGHEDOD\DJHGDQVFKDTXHFDVS+0+62
IV.1.2.b. Etude en fonction du pH 
/¶pWXGHHQIRQFWLRQGXS+PRQWUHTXHWRXVOHVSURFHVVXVUHGR[REVHUYpVVRQWGpSHQGDQWVGX
S+ GH O¶pOHFWURO\WH (Q HIIHW O¶HQVHPEOH GX YROWDPPRJUDPPH HVW GpSODFp YHUV OD GURLWH
YDOHXUVGHSRWHQWLHOVSOXVSRVLWLYHVTXDQGOHS+GLPLQXH2QHQFRQFOXWTXHO¶DXJPHQWDWLRQ
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V



GHODFRQFHQWUDWLRQHQSURWRQVIDFLOLWHO¶+(5HWODUpGXFWLRQGHVR[\GHVGHSDOODGLXPHWUHQG
SOXV GLIILFLOH OD IRUPDWLRQ GH FHV GHUQLHUV )LJXUH  7RXWHIRLV YX OD FRPSOH[LWp GH FHV
SURFHVVXV LO HVW GLIILFLOH G¶pWDEOLU GHV UqJOHV JpQpUDOHV G¶pFKDQJHV pOHFWURQLTXHV SRXU OH
SDOODGLXPGpSRVpHjO¶pOHFWURGH0DLVRQSHXWFRQVLGpUHUO¶H[HPSOHGHODUpDFWLRQGHUpGXFWLRQ
GH O¶R[\GH GH SDOODGLXP ,9 K\GUDWp TXL PRQWUH ELHQ O¶LQIOXHQFH TXH SHXW DYRLU OD
FRQFHQWUDWLRQGHVSURWRQVVXUODUpGXFWLRQGH3G,9HWHQ3GHWGRQFVXUODGpVRUSWLRQGHFHV
R[\GHVGHSDOODGLXP
3G2K\GUDWp+H 3G+2
'HSOXVFHWWHGpSHQGDQFHHQIRQFWLRQGXS+HVWOLQpDLUHVXU O¶HQVHPEOHGHODJDPPHGHS+
pWXGLpS+DYHFXQHYDULDWLRQGHSRWHQWLHOGHSLFGHP9SDUXQLWpGHS+V\QRQ\PH
GHO¶pFKDQJHG¶pOHFWURQVFRXSOpjO¶pFKDQJHGHSURWRQVGDQVXQUDSSRUWILJXUH
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)LJXUH(YROXWLRQGHV&9VGHVQDQRSDUWLFXOHVGHSDOODGLXPSRXUWURLVS+GLIIpUHQWVj
P9V$DGVRUSWLRQGpVRUSWLRQGHVR[\GHVGHSDOODGLXPHWGHO¶K\GURJqQH%
DGVRUSWLRQGpVRUSWLRQGHO¶K\GURJqQH
S+0+62S+01D62+62S+01D$F2&+&22+



&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V




)LJXUH$(YROXWLRQGX&9GHVQDQRSDUWLFXOHVGHSDOODGLXPHQIRQFWLRQGXS+SRXU
O¶DGVRUSWLRQGpVRUSWLRQGHVR[\GHVGHSDOODGLXPHWGHO¶K\GURJqQH%YDULDWLRQGXSRWHQWLHO
GHSLFGHGpVRUSWLRQGHVR[\GHVGHSDOODGLXPHQIRQFWLRQGXS+
0pODQJH0+620$F2+S+DXJPHQWpSDUDMRXWGH01D2+
YLWHVVHGHEDOD\DJHP9V


IV.1.2.c. Nanoparticules de palladiums dispersés dans la poudre noire 
de carbone 
/HVPrPHVpWXGHVRQWpWpPHQpVVXUXQGpS{WGHQDQRSDUWLFXOHVGHSDOODGLXPGLVSHUVpHVGDQV
GHODSRXGUHQRLUHGHFDUERQH9XOFDQ;&/HVGLIIpUHQWVSURFHVVXVUHGR[REVHUYpVVRQWOHV
PrPHVTXHFHX[GpFULWVSOXVKDXWDYHFOHVPrPHVYDULDWLRQVGXSRWHQWLHOHQIRQFWLRQGXS+HW
GXFRXUDQWGHSLFHQIRQFWLRQGHODYLWHVVHGHEDOD\DJH&HSHQGDQWRQREVHUYHXQHGLIIpUHQFH
PDMHXUHDXQLYHDXGHVSRWHQWLHOVG¶DGVRUSWLRQGpVRUSWLRQGHO¶K\GURJqQHHWGHO¶+(5ILJXUH
$8QJDLQGHP9S+HVWREVHUYpORUVTXHOHVQDQRSDUWLFXOHVVRQWGLVSHUVpHVGDQV
OH QRLU GH FDUERQH &HFL WHQG j PRQWUHU TXH O¶pWDW GH VXUIDFH HQWUH OHV GHX[ pOHFWURGHV HVW
GLIIpUHQWHWTXHORUVTXHFHVQDQRSDUWLFXOHVVRQWGLVSHUVpVGDQVODSRXGUHGHFDUERQHO¶pOHFWURGH
HVWSOXVDFWLYHYLVjYLVGHODUpGXFWLRQGHO¶K\GURJqQH(QUHYDQFKHFRQFHUQDQWOHVSLFVGHV
R[\GHVGHSDOODGLXPILJXUH%OHVSRWHQWLHOVVRQWTXDVLPHQWLGHQWLTXHVV\QRQ\PHTXHOD
QDWXUHGHVQDQRSDUWLFXOHVGHSDOODGLXPGpSRVpVHVWLGHQWLTXH
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&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V
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)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVGHVQDQRSDUWLFXOHVGHSDOODGLXPGLVSHUVpHVRXQRQ
GDQVOHQRLUGHFDUERQHS+
S+0+62YLWHVVHGHEDOD\DJHP9V
IV.1.3.  ǯ±   ± 
POM/NPs 
/HV PDWpULDX[ K\EULGHV RQW pWp REWHQXV HQ PpODQJHDQW OH VHO GH SRWDVVLXP GH O¶LRQ
>3:0R2@HWODSRXGUHGHFDUERQHGDQVODGLVSHUVLRQGHQDQRSDUWLFXOHV320&±
ZWFRQFHQWUDWLRQGHODVROXWLRQGH320GH08QHJRXWWHGHFHPpODQJHHVWHQVXLWH
GpSRVpHjODVXUIDFHGHO¶pOHFWURGHGHWUDYDLOHWUHFRXYHUWSDUXQHFRXFKHGH1DILRQFRPPH
GpFULWSUpFpGHPPHQW
/HVYDJXHVGXHVj ODSUpVHQFHGX320VHGLVWLQJXHQWFODLUHPHQWVXU OHV&9V ORUVTX¶RQ OHV
FRPSDUHDYHF OHV&9VREWHQXVDYHF OHV13VVHXOHV/D YDJXH UpYHUVLEOHj9 YV6&(
ILJXUH $ HVW ORJLTXHPHQW DWWULEXpH DX 320 GpSRVp HQ VXUIDFH /H SRWHQWLHO GH SLF
FDWKRGLTXHUHVWHOHPrPH/HVYDJXHVTXLVXLYHQWVRQWXQPpODQJHHQWUHOHVYDJXHVGX320HW
OHVYDJXHVGXHVjODUpGXFWLRQGHVSURWRQVjODVXUIDFHGHV13VGHSDOODGLXP'DQVOHGRPDLQH
GHVR[\GHVGHSDOODGLXPDXFXQFKDQJHPHQWQ¶HVWREVHUYp&RPPHREVHUYpGDQV OHFDVGHV
QDQRSDUWLFXOHV VHXOHV OH IDLW GH GLVSHUVHU OH PDWpULDX GDQV OH QRLU GH FDUERQH DPqQH XQH
DPpOLRUDWLRQGHO¶DFWLYLWpGHO¶pOHFWURGHYLVjYLVGHO¶DGVRUSWLRQGHO¶K\GURJqQHRQDXQJDLQ
GH  P9 S+  FRPSDUp DX PDWpULDX QRQ GLVSHUVp GDQV OH FDUERQH ILJXUH % (Q
UHYDQFKH OH IDLW G¶DMRXWHU OH 320 DX PDWpULDX QH FKDQJH SDV OHV SRWHQWLHOV
G¶DGVRUSWLRQGpVRUSWLRQGHO¶K\GURJqQHSDUUDSSRUWDXPDWpULDX3G13V&
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V
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)LJXUH&RPSDUDLVRQGHVYROWDPPRJUDPPHVF\FOLTXHVHQWUHOHVGLIIpUHQWHVpOHFWURGHV
PRGLILpHV
S+0+62YLWHVVHGHEDOD\DJHP9V

IV.2. Propriétés électro-catalytiques des matériaux 
/HSDOODGLXPQHPRQWUHDXFXQHDFWLYLWppOHFWURFDWDO\WLTXHYLVjYLVGHODUpGXFWLRQGHVLRQV
QLWUDWHTX¶LOVRLWGLVSHUVpRXQRQGDQVODSRXGUHGHFDUERQHILJXUHUpVXOWDWHQDFFRUGDYHF
ODOLWWpUDWXUH±/HPDWpULDXK\EULGH3:0R3G13V&QHPRQWUHSDVQRQSOXVG¶DFWLYLWp
YLVjYLVGHODUpGXFWLRQGHVLRQVQLWUDWH
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)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVGHVQDQRSDUWLFXOHVGHSDOODGLXPHQDEVHQFHHWHQ
SUpVHQFHGHP0GH1D12jS+
S+01D62+62YLWHVVHGHEDOD\DJHP9V
(QUHYDQFKHXQHDPpOLRUDWLRQHVWREVHUYpHSRXUOHPDWpULDXK\EULGHYLVjYLVGHODUpGXFWLRQ
GXGLR[\JqQHSDUUDSSRUWDX320VHXORXDXSDOODGLXPVHXOGpSRVpjO¶pOHFWURGH2QPHWDLQVL
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V



HQ pYLGHQFH XQH V\QHUJLH HQWUH OHV QDQRSDUWLFXOHV GH SDOODGLXP HW OH 320 TXL FRQGXLW j
O¶DSSDULWLRQG¶XQHDFWLYLWpFDWDO\WLTXHSRXUFHWWHUpDFWLRQDFWLYLWpLQH[LVWDQWHDYHFOH320VHXO
RX3GVHXOǻ(216(7§9
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)LJXUH(OHFWURUpGXFWLRQGXGLR[\JqQHSDUYROWDPPpWULHF\FOLTXHjSDUWLUG¶pOHFWURGHV
PRGLILpHV$3:0R&%PDWpULDXK\EULGH3:0R3G13V&HW&3G&
6ROXWLRQVDWXUpHHQ2SDUEDUERWDJHS+0+62YLWHVVHGHEDOD\DJHP9V
$ OD YXH GH FHV UpVXOWDWV LO DSSDUDLW FODLU TXH OHV QDQRSDUWLFXOHV GH SDOODGLXP VHXOHV RX
DVVRFLpHV DX 320 PRO\EGRWXQJVWLTXH 3:0R QH VRQW SDV GH ERQV FDQGLGDWV SRXU OD
UpGXFWLRQGHVLRQVQLWUDWH'DQVODOLWWpUDWXUHOHVPDWpULDX[HWOHVPROpFXOHV320VFDSDEOHVGH
UpGXLUHOHVLRQVQLWUDWHVVRQWSRXUODSOXSDUWjEDVHGHFXLYUH±1RXVDYRQVGRQFSRXU
OD VXLWH GH QRWUH WUDYDLO HQYLVDJp GH GpYHORSSHU XQH QRXYHOOH PpWKRGH GH PRGLILFDWLRQ
G¶pOHFWURGHSDUGpS{WpOHFWURO\WLTXHTXLQRXVSHUPHWG¶REWHQLUGHVPDWpULDX[K\EULGHVjEDVH
GHPpWDOFXLYUHHWSDOODGLXPHWRXGH320

&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V



IV.3. Dépôt électrolytique de films de cuivre et de palladium sur GC 
'DQV OH FDV GH OD UpGXFWLRQ GHV LRQV QLWUDWH O¶XWLOLVDWLRQ GH V\VWqPH ELPpWDOOLTXH GDQV OD
OLWWpUDWXUH D PRQWUp XQH DPpOLRUDWLRQ QHWWH GH O¶DFWLYLWp pOHFWURFDWDO\WLTXH FRPSDUp j
O¶XWLOLVDWLRQGXFXLYUHVHXO±&HVpWXGHVRQWpJDOHPHQWFRQVLVWpjODFRPSDUDLVRQGH
FHWWHDFWLYLWppOHFWURFDWDO\WLTXHSRXUGLIIpUHQWVPpWDX[HWRQWSHUPLVG¶pWDEOLUXQFODVVHPHQW
GHFHVPpWDX[HQIRQFWLRQGHOHXUFDSDFLWpjUpGXLUHOHVLRQVQLWUDWHV,ODpJDOHPHQWpWpPLV
HQ pYLGHQFH TXH OH IDLW GH GpSRVHU OH SDOODGLXP ©SDUGHVVXVª OH FXLYUH FRQGXLW j XQH
DPpOLRUDWLRQ GH O¶DFWLYLWp pOHFWURFDWDO\WLTXH YLVjYLV GH OD UpGXFWLRQ GHV LRQV QLWUDWH SDU
UDSSRUWDXFXLYUHVHXO
/DPRGLILFDWLRQG¶pOHFWURGHSDUpOHFWURGpSRVLWLRQGHFDWLRQVPpWDOOLTXHVHQVROXWLRQPqQHjOD
IRUPDWLRQ G¶XQ ILOP PpWDOOLTXH PpWDO j O¶pWDW G¶R[\GDWLRQ  j OD VXUIDFH GH O¶pOHFWURGH
UHODWLYHPHQW KRPRJqQH GDQV VD PRUSKRORJLH IRUPpH OH SOXV VRXYHQW GH PRWLIV j WDLOOHV
QDQRPpWULTXHV&HWWHPpWKRGHV¶DYqUHWUqVHIILFDFHSRXUFUpHUGHVpOHFWURGHVIRUWHPHQW
DFWLYHV SRXU FDWDO\VHU OHV UpDFWLRQV pOHFWURFKLPLTXHV VRXKDLWpHV 7RXWHIRLV GH QRPEUHX[
SDUDPqWUHVYRQWMRXHUXQU{OHLPSRUWDQWVXUOHILOPFUpp OHWHPSVHWOHSRWHQWLHOFKRLVLSRXU
O¶pOHFWURGpSRVLWLRQODQDWXUHGXSUpFXUVHXUPpWDOOLTXHOHS+GHODVROXWLRQ«
IV.3.1. Présentation du précurseur de cuivre 
1RXVDYRQVGpFLGpG¶HIIHFWXHUOHVGpS{WVpOHFWURO\WLTXHVGHFXLYUHjSDUWLUG¶XQ320GHW\SH
'DZVRQ>Į3:0R&X+22@&H320DpWpFKRLVLDILQG¶DVVXUHUXQHFRQWLQXLWp
GDQV QRV H[SpULHQFHV HQ HIIHW LO GpULYH IRUPHOOHPHQW GX FRPSRVp >Į3:0R2@ GDQV
OHTXHOXQFHQWUH0R9,DpWpUHPSODFpSDUXQFHQWUH&X,,'HVWUDYDX[DQWpULHXUVGHO¶pTXLSH
(OHFWURFKLPLH HW 3KRWR(OHFWURFKLPLH G¶2UVD\ RQW PRQWUp TXH OD SUpVHQFH GHV FHQWUHV
PRO\EGLTXHVYDMRXHUXQU{OHGpWHUPLQDQWVXUODQDWXUHHWOHVSURSULpWpVpOHFWURFDWDO\WLTXHVGX
GpS{WGHFXLYUHREWHQXSDUpOHFWURO\VH/H&9GHFHFRPSRVpHVWSUpVHQWpFLDSUqVILJXUH
$S+OHVGLIIpUHQWVSURFHVVXVUHGR[VRQWDWWULEXpVDLQVL
 ,FRUUHVSRQGjODUpGXFWLRQGHVFHQWUHV0R9,
 ,,FRUUHVSRQGjODUpGXFWLRQGXFHQWUH&X,,TXLFRQGXLWjODIRUPDWLRQG¶XQGpS{WGH&Xj
ODVXUIDFHGHO¶pOHFWURGHGHWUDYDLO&HGpS{WHVWUHGLVVRXWORUVGHO¶pWDSHGHUpR[\GDWLRQ
FRPPHOHPRQWUHOHSLFDQRGLTXHFDUDFWpULVWLTXHj9YV6&(
 HQILQ,,,HW,9VRQWDWWULEXpVjODUpGXFWLRQGHFHQWUHV:9,
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V

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)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVGH3:0R&XjS+
S+01D62+62YLWHVVHGHEDOD\DJHP9VFRQFHQWUDWLRQHQ3200
/HFRPSRVp>Į3:0R&X+22@FRPPHODSOXSDUWGHV320VFRQWHQDQWGXFXLYUH
FDWDO\VHODUpGXFWLRQGHVLRQVQLWUDWHHWFHOOHGXGLR[\JqQHFRPPHOHPRQWUHODILJXUH/H
&9GHFHFRPSRVpYDpJDOHPHQWrWUHPRGLILpHQIRQFWLRQGXS+2QUHPDUTXHTXHODUpGXFWLRQ
GHVLRQVQLWUDWHjS+FRPPHQFHOpJqUHPHQWDSUqVODUpGXFWLRQGXFHQWUH&X,,HWRQVDLW
TX¶HQO¶DEVHQFHGXFHQWUH&X,,FRPPHSDUH[HPSOHDYHFOHFRPSRVp>Į3:0R2@OD
UpGXFWLRQpOHFWURFDWDO\WLTXHGHVLRQVQLWUDWHQ¶DSDVOLHX&¶HVWGRQFELHQJUkFHDXGpS{WGH
FXLYUHPpWDOOLTXHIRUPpjODVXUIDFHGHO¶pOHFWURGHTXHFH320FDWDO\VHO¶pOHFWURUpGXFWLRQGHV
LRQVQLWUDWH/DUpGXFWLRQGXGLR[\JqQHjS+TXDQWjHOOHVHIDLWGqVODSUHPLqUHYDJXHGH
UpGXFWLRQ FRUUHVSRQGDQW DX[ FHQWUHV 0R9, RQ VH UHQG FRPSWH TX¶HOOH Q¶HVW SDV GXH j OD
SUpVHQFHGXFXLYUHPrPHVLFHGHUQLHUDPpOLRUHVDQVGRXWHVRQUHQGHPHQW

&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V

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)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVGH3:0R&X$HQDEVHQFHHWHQSUpVHQFHGHP0GH1D12jS+HW%HQDEVHQFHHWHQSUpVHQFHGHGLR[\JqQHVROXWLRQVDWXUpHHQ2
SDUEDUERWDJHjS+
S+0+62S+01D62+62YLWHVVHGHEDOD\DJHP9VFRQFHQWUDWLRQHQ3200

IV.3.2. Formation et caractérisation électrochimique des dépôts 
/HVGpS{WVGHFXLYUHVRQWREWHQXVSDUFRXORPpWULHjSRWHQWLHOFRQWU{OpjSDUWLUG¶XQHVROXWLRQ
GX3203:0R&XGHFRQFHQWUDWLRQj0/HSRWHQWLHOHVWIL[pjODYDOHXUGH±9
YV6&(S+YDOHXUUHWHQXHSDUUDSSRUWDXSRWHQWLHOGHSLFGHODVHFRQGHYDJXHGX&9TXL
FRUUHVSRQGjODUpGXFWLRQGXFHQWUH&X,,/¶pOHFWURO\VHHVWDUUrWpHORUVTXHODTXDQWLWpGHFRXUDQW
TXLD WUDYHUVp OH FLUFXLWFRUUHVSRQGDXGpS{WG¶HQYLURQ PROGHFXLYUH/HVGpS{WVGH
SDOODGLXPVRQWREWHQXVSDUODPrPHPpWKRGHPrPHSRWHQWLHOPrPHTXDQWLWpGHPDWLqUHj
SDUWLUGXVHOSDOODGLXP,,.3G&O
/DILJXUHUHSUpVHQWHODFDUDFWpULVDWLRQGXGpS{WGHFXLYUHVXUpOHFWURGH*&*&&XHWGHV
GpS{WVVXFFHVVLIVGHFXLYUHHWGHSDOODGLXPVXUpOHFWURGH*&*&&X3G/HSRWHQWLHOLQLWLDO
HVW±9YV6&(HWOHEDOD\DJHGHVSRWHQWLHOVVHIDLWHQGLUHFWLRQGHVYDOHXUVGHSOXVHQSOXV
SRVLWLYHV GDQV OHV GHX[ FDV &RPPH DWWHQGX OH GpS{W GH FXLYUH ODLVVH DSSDUDLWUH XQ SLF
DQRGLTXHWUqVLQWHQVHjSDUWLUGH9YV6&(HWTXLFRUUHVSRQGjODUHGLVVROXWLRQGXFXLYUH
GpSRVpjODVXUIDFHGHO¶pOHFWURGH/HVSHWLWHVYDJXHVHQVXLWHREVHUYpHVVRQWGRQFGXHVDXFXLYUH
HQVROXWLRQ
3RXU OH GpS{W PL[WH FXLYUHSDOODGLXP OD SUHPLqUH YDJXH TXL DSSDUDLW j   9 YV 6&(
UHSUpVHQWHWRXMRXUVODGpVRUSWLRQGXFXLYUHGpSRVp/DGHX[LqPHYDJXHVLWXpHj9YV
6&(FRUUHVSRQGjODIRUPDWLRQGHVR[\GHVHWRXK\GUR[\GHVGHSDOODGLXPTXLV¶DGVRUEHQWjOD
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V



VXUIDFHGHO¶pOHFWURGH$SUqVO¶LQYHUVLRQGHVSRWHQWLHOVRQREVHUYHXQSLFGHUpGXFWLRQj
9YV6&(TXLFRUUHVSRQGjODUpGXFWLRQHWjODGpVRUSWLRQGHVR[\GHVGHSDOODGLXP(QILQRQ
REVHUYHSRXUGHVYDOHXUVGHSRWHQWLHOVLQIpULHXUHVj±9YV6&(OHVYDJXHVFRUUHVSRQGDQW
jODUpGXFWLRQGXSDOODGLXPVXLYLHGHFHOOHGHO¶K\GURJqQHSURFHVVXVG¶DGVRUSWLRQGpVRUSWLRQ
GpFULWSOXVKDXW
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)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVjS+FDUDFWpULVDQWOHGpS{WSUpVHQWSRXUXQH
pOHFWURGH$*&&XHW%*&&X3G
S+01D62+62YLWHVVHGHEDOD\DJHP9V

IV.3.3. Propriétés électro-catalytiques des électrodes GC-Cu et GC-
Cu-Pd 
'HVWUDYDX[SUpOLPLQDLUHVRQWSHUPLVGHPHWWUHHQpYLGHQFHO¶DPpOLRUDWLRQGHO¶DFWLYLWppOHFWUR
FDWDO\WLTXHGHVpOHFWURGHVPRGLILpHVYLVjYLVGHODUpGXFWLRQGHVLRQVQLWUDWH/HVpOHFWURGHV
PRGLILpHVVRQWLFLREWHQXHVSDUGpS{WpOHFWURFDWDO\WLTXHGHFXLYUHHWGHSDOODGLXPjSDUWLUGX
3203:0R&XHWGXVHO.3G&OUHVSHFWLYHPHQW'DQVOHFDVSUpVHQWO¶pOHFWURGH*&Q¶D
SDVpWpSROLHVHORQODPpWKRGHKDELWXHOOHPDLVVLPSOHPHQWJUDWWHUVXUOHFDUEXUHGHVLOLFLXP
JUDQXORPpWULHSHQGDQWPLQXWHVFHTXLYDFUpHUGHVVLOORQVLPSRUWDQWVjODVXUIDFHGH
O¶pOHFWURGHHQWUDLQDQWXQFRXUDQWFDSDFLWLIEHDXFRXSSOXVLPSRUWDQWDYHFXQHVXUIDFHVSpFLILTXH
EHDXFRXSSOXVJUDQGH
/DILJXUH$SUpVHQWHWURLVYROWDPPRJUDPPHVF\FOLTXHVHQQRLUOH&9PRQWUHODUpSRQVH
GHO¶pOHFWURGH*&QXH/¶DXJPHQWDWLRQGHO¶LQWHQVLWpGXFRXUDQWGHUpGXFWLRQTXHO¶RQREVHUYH
jSDUWLUGH±9YV6&(FRUUHVSRQGjODUpGXFWLRQGHVSURWRQVjODVXUIDFHGHO¶pOHFWURGH
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V



2Q YRLW TXH ORUVTXH OH QLWUDWH GH VRGLXP HVW DMRXWp GDQV OD VROXWLRQ FRXUEH URXJH
O¶DXJPHQWDWLRQ GX FRXUDQW GH UpGXFWLRQ VH IDLW j GHV SRWHQWLHOV PRLQV QpJDWLIV TXH
SUpFpGHPPHQWHWFRUUHVSRQGj OD UpGXFWLRQGHV LRQVQLWUDWH VXU O¶pOHFWURGH*&/¶pOHFWURGH
PRGLILpH *&&X FRXUEH EOHXH PRQWUH XQH PHLOOHXUH DFWLYLWp (Q HIIHW O¶DXJPHQWDWLRQ GH
O¶LQWHQVLWpGHUpGXFWLRQVHIDLWGDQVFHFDVFLjGHVSRWHQWLHOVHQFRUHPRLQVQpJDWLIVa9
YV(&6TXHSUpFpGHPPHQW&HWWHQHWWHDPpOLRUDWLRQPRQWUHELHQTXHOHFXLYUHHVWXQWUqVERQ
FDWDO\VHXUSRXUODUpGXFWLRQGHVLRQVQLWUDWH
(QILQ DSUqV GpSRVLWLRQ GH SDOODGLXP VXU FHWWH pOHFWURGH *&&X ILJXUH % RQ REWLHQW
O¶pOHFWURGH*&&X3GGRQWO¶DFWLYLWpFDWDO\WLTXHHVWHQFRUHDPpOLRUpHFRXUEHRUDQJHSXLVTXH
O¶DXJPHQWDWLRQGHO¶LQWHQVLWpGHUpGXFWLRQFRPPHQFHjSDUWLUGH±9YV6&(HQYLURQ,O
DSSDUDLWGRQFTXHOHSDOODGLXPDXQHIIHWEpQpILTXHVXUO¶HIILFDFLWpFDWDO\WLTXHGXFXLYUHYLVj
YLVGHODUpGXFWLRQGHVLRQVQLWUDWH
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)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVFRPSDUDQWO¶pOHFWURFDWDO\VHGHODUpGXFWLRQGHVLRQV
QLWUDWHSRXUXQHpOHFWURGH*&QXHXQHpOHFWURGHPRGLILpHDYHFGpS{WGHFXLYUH*&&XHWXQH
pOHFWURGHPRGLILpHDYHFXQGpS{WFXLYUHSDOODGLXP*&&X3G
S+01D62+62YLWHVVHGHEDOD\DJHP9V>12@ P0
$ILQG¶REWHQLUjFKDTXHIRLVGHVUpVXOWDWVUHSURGXFWLEOHVHWGHIDFLOLWHUODFRPSDUDLVRQHQWUHOHV
GLIIpUHQWHV pOHFWURGHV PRGLILpHV O¶pOHFWURGH *& YD rWUH SROLH GH IDoRQ SOXV FODVVLTXH FI
DQQH[H,DYDQWFKDTXHGpS{WHWXQHOLJQHGHEDVHHQUHJLVWUpHDILQGHFRPSDUHUOHVFRXUDQWV
GHIRQG/¶pOHFWURGHPRGLILpH*&&X3GYDrWUHXWLOLVpHG¶DERUGVHXOHGDQVO¶pOHFWURO\WH
0 1D62  +62  S+  6XU OH &9 REWHQX ILJXUH $ FRXUEH QRLUH RQREVHUYH HQ
UpGXFWLRQOHSURFHVVXVGjODUpGXFWLRQGHVSURWRQVHWO¶DGVRUSWLRQGHO¶K\GURJqQHIRUPpSXLV
HQ R[\GDWLRQ OD YDJXH FDUDFWpULVWLTXH GH OD GpVRUSWLRQ TXL DFFRPSDJQH OD UpR[\GDWLRQ GH
O¶K\GURJqQHIRUPpORUVGXF\FOHGHUpGXFWLRQ/DUpSRQVHGHO¶pOHFWURGHHQSUpVHQFHGHP0
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V



G¶LRQVQLWUDWHPRQWUHELHQTXH ODUpGXFWLRQGHFHVLRQVD OLHXDYHFDXJPHQWDWLRQGXFRXUDQW
FDWKRGLTXHjGHVSRWHQWLHOV PRLQVQpJDWLIV2Q UHPDUTXHpJDOHPHQW ODGLVSDULWLRQGXSLFGH
GpVRUSWLRQGHO¶K\GURJqQHGXHDXSDOODGLXPV\QRQ\PHGHODSDUWLFLSDWLRQGHVSURWRQVGDQVOD
UpGXFWLRQGHVLRQVQLWUDWH
/HSUpFXUVHXUGHFXLYUHYDMRXHUXQU{OHGpWHUPLQDQWTXDQWjO¶HIILFDFLWpFDWDO\WLTXHGXGpS{W
&X3GYLVjYLVGHODUpGXFWLRQGHVLRQVQLWUDWH(QHIIHWGDQVOHFDVGXGpS{WELPpWDOOLTXH&X
3G LO DSSDUDLW TXH OH GpS{W REWHQX j SDUWLU GX VHO GH FXLYUH GRQQH GH PHLOOHXUV UpVXOWDWV
ǻ(216(7§P9YV6&(ILJXUH%
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)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVGHVpOHFWURGHVPRGLILpHV*&&X3G$HQSUpVHQFH
HWHQDEVHQFHG¶LRQVQLWUDWHSRXUOHVGpS{WVGHFXLYUHREWHQXjSDUWLUGH3:0R&X%
&RPSDUDLVRQGHODUpGXFWLRQGHVLRQVQLWUDWHHQIRQFWLRQGHODQDWXUHGXSUpFXUVHXUGHFXLYUH
S+01D62+62YLWHVVHGHEDOD\DJHP9V>12@ P0

8QGHVLQFRQYpQLHQWVPDMHXUVGHVGpS{WVGHFXLYUHFRQFHUQHODSODJHGHSRWHQWLHOVDFFHVVLEOHV
(QHIIHWRQDYXSUpFpGHPPHQWTXHFHGpS{WpWDLW HQOHYpVLRQEDOD\DLWYHUVGHVSRWHQWLHOV
VXSpULHXUV j  9 YV 6&( FI )LJXUH  &HOD YD HQWUDLQHU XQH JUDQGH IUDJLOLWp GX ILOP
UHVSRQVDEOHGHO¶DFWLYLWpFDWDO\WLTXHHWUHVWUHLQGUHIRUWHPHQWODSODJHGHSRWHQWLHOVH[SORUDEOHV
'HVSURFHVVXVpOHFWURFDWDO\WLTXHVWHOVTXHODUpGXFWLRQGXGLR[\JqQHVHURQWGLIILFLOHVjpWXGLHU
SDUYROWDPPpWULHF\FOLTXHSXLVTX¶LOVRQWOLHXjGHVSRWHQWLHOVELHQSOXVSRVLWLIV
$ODYXHGHFHVLQFRQYpQLHQWVQRXVDYRQVGpFLGpSDUODVXLWHGHWUDYDLOOHUGLUHFWHPHQWDYHFXQH
pOHFWURGHFXLYUHPDVVLIDEUpJpH&(SRXU&RSSHU(OHFWURGHGRQW ODVXUIDFHSHXWrWUHG¶XQH
SDUWFRQWU{OpHSDUOHSROLVVDJHHWUpJpQpUpHSDUR[\GDWLRQpOHFWURO\WLTXH
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V



IV.4. Electrode de cuivre et dépôt électrolytique de palladium 
IV.4.1. Réduction des ions nitrate par voltammétrie cyclique 
/¶pOHFWURGHGHFXLYUHXWLOLVpHHVWXQGLVTXHGHPPGHGLDPqWUHPRQWpHDXODERUDWRLUHGHOD
PrPHPDQLqUHO¶pOHFWURGH*&$ILQGHSRXYRLUFRPSDUHUOHVUpVXOWDWVDYHFFHX[REWHQXVVXU
pOHFWURGH*&LOIDXWWUDQVIRUPHUOHFRXUDQWPHVXUpHQGHQVLWpGHFRXUDQWMHQOHQRUPDOLVDQW
SDUODVXUIDFHGHO¶pOHFWURGHGHWUDYDLO'HODPrPHPDQLqUHTXHSUpFpGHPPHQWODPRGLILFDWLRQ
GHO¶pOHFWURGHGHFXLYUHSDUGpS{WGHSDOODGLXPHVWREWHQXHSDUFRXORPpWULHjSRWHQWLHOFRQWU{Op
S+  ±  9 YV 6&(  PRO GH 3G,, GpSRVp 1RXV DYRQV pJDOHPHQW XWLOLVp OHV
QDQRSDUWLFXOHVGHSDOODGLXPV\QWKpWLVpHVGLVSHUVpHVGDQVODSRXGUHGHFDUERQHQRLUDLQVLTXH
OH PDWpULDX K\EULGH 3:0R3G 13V& SRXU PRGLILHU O¶pOHFWURGH GH FXLYUH &HV GHX[
pOHFWURGHVPRQWUHQWXQHUpGXFWLRQGHVLRQVQLWUDWHTXDVLPHQWLGHQWLTXHVHWGRQQHQWGHPRLQV
ERQVUpVXOWDWVTXHODPRGLILFDWLRQGHO¶pOHFWURGHGHFXLYUHSDUGpS{WpOHFWURO\WLTXHGHSDOODGLXP
jSDUWLUGXVHO.3G&OILJXUH$
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)LJXUH9ROWDPPRJUDPPHVF\FOLTXHVGHVGLIIpUHQWHVpOHFWURGHVPRGLILpHVpWXGLpHVHQ
SUpVHQFHHWHQDEVHQFHG¶LRQVQLWUDWH
S+01D62+62YLWHVVHGHEDOD\DJHP9V>12@ P0
/H WDEOHDX  VXLYDQW UpFDSLWXOH WRXV OHV UpVXOWDWV REWHQXV DYHF OHV GLIIpUHQWHV pOHFWURGHV
PRGLILpHV *& HW &( SRXU OD UpGXFWLRQ pOHFWURFDWDO\WLTXH GHV LRQV QLWUDWH j S+  2Q
UHPDUTXH TXH O¶pOHFWURGH TXL GRQQH OD PHLOOHXUH UpSRQVH G¶XQ SRLQW GH YXH (216(7 HVW
O¶pOHFWURGHPRGLILpH*&&X3GDYHFGpS{WGHFXLYUHLVVXGXVHOPpWDOOLTXH/¶pOHFWURGHGH
FXLYUHPRGLILpHSDUGpS{WpOHFWURO\WLTXHGHSDOODGLXPGRQQHXQUpVXOWDWUHODWLYHPHQWSURFKH
2QUHPDUTXHpJDOHPHQWTXHOHSRWHQWLHOGHGpEXWGHUpGXFWLRQGHVLRQVQLWUDWHDYHFO¶pOHFWURGH
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V



*&&XHWO¶pOHFWURGHGHFXLYUHPDVVLIHVWOHPrPH&HODWHQGjPRQWUHUTXHSRXUOHPDWpULDX
REWHQX ORUVGXGpS{WGHSDOODGLXPXQHUpRUJDQLVDWLRQGHVPRWLIVj ODVXUIDFHGH O¶pOHFWURGH
GRLWDYRLUOLHXFUpDQWDLQVLXQGpS{WPL[WH&X3GHWQRQXQHVXFFHVVLRQGHFRXFKHVGHFKDTXH
PpWDOO¶XQHVXUO¶DXWUH3RXUSRXYRLUFRQILUPHUFHVDVVHUWLRQVLOIDXGUDLWIDLUHO¶pWXGHGHO¶pWDW
GHVXUIDFHGHVpOHFWURGHVQRWDPPHQWSDU$)0RX(';

7DEOHDX9DOHXUVGHSRWHQWLHO(216(7HQ9YV6&(SRXUODUpGXFWLRQpOHFWURFDWDO\WLTXHGHV
LRQVQLWUDWHSRXUWRXWHVOHVpOHFWURGHVPRGLILpHVpWXGLpHVjS+01D62+62
0DWpULDX[ (216(79YV6&(
*& 
*&&XVHO 
*&&X3203G 
*&&XVHO3G 
&( 
&(3G 
&(3G13V& 
&(3:0R3G13V& 


IV.4.2. Etude de la sensibilité de ǯ±-Pd 
/DFDSDFLWpGHVGLIIpUHQWHVpOHFWURGHVjUpGXLUHOHVLRQVQLWUDWHQ¶HVWSDVXQHILQHQVRL(QHIIHW
LO IDXW TXH FHV pOHFWURGHV VRLHQW UHODWLYHPHQW UpDFWLYHV j GH WUqV IDLEOHV YDULDWLRQV GH
FRQFHQWUDWLRQV GHV LRQV QLWUDWH QRWDPPHQW HQ YXH G¶DSSOLFDWLRQV FRPPH FDSWHXU
pOHFWURFKLPLTXHRXGpWHFWHXU&RPPHGLWGDQVO¶LQWURGXFWLRQGHFHFKDSLWUHO¶206DIL[pXQ
VHXLO GH SROOXWLRQ HQ LRQV QLWUDWH j PJ/ GDQV OHV HDX[ FH TXL FRUUHVSRQG j XQH
FRQFHQWUDWLRQGH0
$ILQGH WHVWHU OD VHQVLELOLWpGH O¶pOHFWURGH&(3GQRXVQRXVVRPPHV EDVpV VXUGHV WUDYDX[
HIIHFWXpVSDU6LJDXGHWDO'DQVXQSUHPLHUWHPSVQRXVDYRQVpWXGLpODUpSRQVHGHO¶pOHFWURGH
SDUYROWDPPpWULHF\FOLTXHHQIRQFWLRQGHODFRQFHQWUDWLRQHQLRQVQLWUDWHDMRXWpVILJXUH
2Q YRLW TXH OH FRXUDQW FDWKRGLTXH DXJPHQWH HQ PrPH WHPSV TXH OD FRQFHQWUDWLRQ HQ LRQV
QLWUDWH$ILQGHVXLYUHO¶pYROXWLRQGXFRXUDQWHQIRQFWLRQGHODTXDQWLWpG¶LRQVQLWUDWHLOIDXW
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V



FKRLVLU OH SRWHQWLHO DXTXHO OD UpSRQVH GH O¶pOHFWURGH VHUD OD PHLOOHXUH 3RXU GpWHUPLQHU FH
SRWHQWLHO LO VXIILW GH WUDFHU OD YDOHXU GX FRXUDQWPHVXUpSRXU FKDTXH FRQFHQWUDWLRQ HQ LRQV
QLWUDWHHWFHSRXUGLIIpUHQWVSRWHQWLHOV/HWDEOHDXPRQWUHTXHODUHODWLRQHQWUHOHFRXUDQWHWOD
FRQFHQWUDWLRQHQQLWUDWHHVWOLQpDLUHHWF¶HVWj±9YV6&(TXHOHFRHIILFLHQWGHFRUUpODWLRQ
HVWOHPHLOOHXU/DFKURQRDPSpURPpWULHHVWXQHWHFKQLTXHpOHFWURFKLPLTXHTXLSHUPHWGHVXLYUH
O¶pYROXWLRQGXFRXUDQWHQIRQFWLRQGXWHPSVjXQSRWHQWLHOIL[H/HSRWHQWLHOGH±9YV
6&(HVWGRQFORJLTXHPHQWOHSRWHQWLHOFKRLVLSRXUVXLYUHFHWWHpYROXWLRQ
   
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
)LJXUH9ROWDPPpWULHOLQpDLUH/LQHDU6ZHHS9ROWDPPHWU\GHO¶pOHFWURGH&(3GHQDEVHQFH
HWHQSUpVHQFHGHFRQFHQWUDWLRQVFURLVVDQWHVHQLRQVQLWUDWH
S+01D62+62YLWHVVHGHEDOD\DJHP9VDMRXWGHP0GH1D12
HQWUHFKDTXHWUDFp

7DEOHDX&RPSDUDLVRQGHVFRHIILFLHQWVGHUpJUHVVLRQGHODYDULDWLRQGXFRXUDQWHQIRQFWLRQGH
ODFRQFHQWUDWLRQHQLRQVQLWUDWHSRXUGLIIpUHQWVSRWHQWLHOV
3RWHQWLHO9YV6&( &RHIILFLHQWGHUpJUHVVLRQ5ð
 !
 !
 !
 !
 !
 !
 !

/HVUpVXOWDWVHQPLOLHXGpJD]pSDUDUJRQPRQWUHQWTXH O¶pOHFWURGHGpWHFWHXQHYDULDWLRQGH
FRQFHQWUDWLRQHQLRQVQLWUDWHGH0FRPPHO¶RQSHXWOHYRLUVXUODILJXUHDYHFOHVVDXWV
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V



G¶LQWHQVLWpREVHUYpVjFKDTXHDMRXW'HSOXVLOQ¶\DTXDVLPHQWDXFXQGpODLHQWUHOHPRPHQW
RXOHVLRQVQLWUDWHVRQWDMRXWpVHWOHVDXWG¶LQWHQVLWp7RXWHIRLVRQUHPDUTXHTX¶DSUqVSOXVLHXUV
DMRXWV O¶pOHFWURGHSHUGHQVHQVLELOLWp O¶DMRXWVXSSOpPHQWDLUHG¶LRQVQLWUDWHQHFRQGXLWSOXVj
GHVVDXWVG¶LQWHQVLWpPDLVRQREVHUYHSOXW{WXQHFKXWHFRQWLQXHGHFHWWHLQWHQVLWp/DYDULDWLRQ
GX FRXUDQW HQ IRQFWLRQ GH OD FRQFHQWUDWLRQ HQ LRQV QLWUDWH ILJXUH % QH VXLW SOXV XQH ORL
OLQpDLUHFHWWHIRLVFLFDULOIDXWHQSUHQGUHHQFRPSWHO¶DJLWDWLRQGHODVROXWLRQDJLWDWLRQIDLEOH
SDUDJLWDWHXUPDJQpWLTXH&HWWHDJLWDWLRQYDpJDOHPHQWHQWUDLQHUXQ IOX[QRQ ODPLQDLUHTXL
FRQGXLWjXQVLJQDOEUXLWp
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)LJXUH$&KURQRDPSpURPpWULHDYHFpOHFWURGH&(3GS+01D62
+62GpJD]p( 9YV6&(DXJPHQWDWLRQGHODFRQFHQWUDWLRQHQLRQVQLWUDWHGHL
0HWLL0WRXWHVOHVPLQXWHV%YDULDWLRQGHO¶LQWHQVLWpHQIRQFWLRQGHOD
FRQFHQWUDWLRQHQLRQVQLWUDWH

&HWWHpOHFWURGHSHUPHWGRQFGHGpWHFWHUXQHYDULDWLRQGHFRQFHQWUDWLRQLRQVQLWUDWHTXLHVW
SOXV IDLEOHTXH OH VHXLOGHSROOXWLRQ IL[pSDU O¶2067RXWHIRLV LO IDXWSUHQGUHHQFRPSWH OD
VROXWLRQXWLOLVpHHVWXQpOHFWURO\WHGpJD]pHWSUpSDUpjEDVHG¶HDXXOWUDSXUHPLOOL48QWHVWD
pWp IDLW VXU OD PrPH VROXWLRQ PDLV QRQ GpJD]pH j O¶DUJRQGRQF HQ SUpVHQFH G¶R[\JqQH /H
VLJQDOGHO¶LQWHQVLWpHVWEHDXFRXSSOXVEUXLWpTXHSUpFpGHPPHQWHWFRQWUDLUHPHQWjFHTXLHVW
REVHUYp FLGHVVXV O¶DMRXW GH IDLEOHV TXDQWLWpV G¶LRQV QLWUDWH QH FRQGXLW SOXV j GHV VDXWV
G¶LQWHQVLWpELHQGpILQL/¶LQWHQVLWpGpFURLWGHPDQLqUHFRQWLQXHORUVG¶DMRXWVGH0HQLRQV
QLWUDWH /HV WRXV SUHPLHUV DMRXWV GH  0 G¶LRQV QLWUDWH IRQW DSSDUDLWUH TXHOTXHV VDXWV
G¶LQWHQVLWpDYDQWGHUHWRXUQHUYHUVXQVLJQDOPRLQVELHQGpILQLHWHQILQjSDUWLUGHVDMRXWVGH
0HQLRQVQLWUDWHOHVVDXWVFRPPHQFHQWjrWUHPLHX[GpILQLV/HVLPSOHIDLWGHQHSDVGpJD]HU
ODVROXWLRQYDGRQFFRQGXLUHjXQHVHQVLELOLWpSOXVIDLEOHGHO¶pOHFWURGHRXGXPRLQVjXQHPRLQV
ERQQHSUpFLVLRQ3RXUVLPXOHUXQHHDXSRWDEOHQRQSXULILpHLOIDXGUDLWDMRXWHUHQSOXVGHVJD]
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V

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
GLVVRXWV FRPPH 2 RX &2 G¶DXWUHV LRQV HQ VROXWLRQV WHOV TXH 0J &D +&2« TXL
FRQGXLURQWSUREDEOHPHQWjXQHVHQVLELOLWpHQFRUHSOXVIDLEOHGHO¶pOHFWURGHYLVjYLVGHVLRQV
QLWUDWHDQDO\VHVTXLQ¶RQWSDVSXrWUHIDLWHVSDUPDQTXHGHWHPSV 
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)LJXUH&KURQRDPSpURPpWULHDYHFpOHFWURGH&(3GS+01D62+62QRQ
GpJD]p( 9YV6&(DXJPHQWDWLRQGHODFRQFHQWUDWLRQHQLRQVQLWUDWHGHL0
LL0HWLLL0WRXWHVOHVPLQXWHV
Conclusion 
&HGHUQLHUFKDSLWUHHVWFRQVDFUpjO¶pWXGHpOHFWURFKLPLTXHGHVPDWpULDX[jO¶pWDWVROLGH320V
QDQRSDUWLFXOHVGHSDOODGLXPHWPDWpULDX[K\EULGHV3203G13VWRXVGHX[GLVSHUVpVRXQRQ
GDQV OHQRLUGHFDUERQH/HVSUHPLHUVUpVXOWDWVRQWPRQWUpTXHOH320jO¶pWDWVROLGHUpDJLW
VXLYDQWOHVPrPHVSURFHVVXVUHGR[TX¶HQVROXWLRQjVDYRLUUpGXFWLRQGHVFHQWUHV0R9,DYDQW
UpGXFWLRQGXVTXHOHWWH WXQJVWLTXH/HV QDQRSDUWLFXOHVGHSDOODGLXPTXDQWjHOOH PRQWUHXQH
IRUWHDFWLYLWpSRXUODUpGXFWLRQGHVSURWRQVHW ODSURGXFWLRQG¶K\GURJqQH(QILQQRXVDYRQV
PLVHQSODFHXQHPpWKRGHGHIRUPDWLRQGHPDWpULDX[K\EULGHV3203G13V&TXLPRQWUHXQH
DFWLYLWp LQWpUHVVDQWHYLVjYLVGH OD UpGXFWLRQGX GLR[\JqQH/D PpWKRGHGHSUpSDUDWLRQGHV
GLIIpUHQWHV pOHFWURGHV VROLGHV YD GLUHFWHPHQW LPSDFWHU VXU OHV UpVXOWDWV REWHQXV SXLVTXH OH
VLPSOHIDLWGHGLVSHUVHUOHPDWpULDXGDQVGHODSRXGUHGHFDUERQHQRLUDPqQHGpMjGHVUpVXOWDWV
GLIIpUHQWV TXL VRQW H[SOLTXHU SDU OD PRGLILFDWLRQ GH O¶pWDW GH VXUIDFH GH O¶pOHFWURGH HW
SUREDEOHPHQWXQHDFWLYLWpVSpFLILTXHDFFUXH/¶XQGHVREMHFWLIVSULQFLSDX[GHFHFKDSLWUHpWDLW
OD UpGXFWLRQ GHV LRQV QLWUDWH HQ PLOLHX DTXHX[ /HV PDWpULDX[ XWLOLVpV MXVTX¶DORUV Q¶RQW SDV
PRQWUpG¶DFWLYLWpSRXUFHWWHUpDFWLRQ
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V

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
1RXVDYRQVGRQFPLVHQSODFHXQHVHFRQGHPpWKRGHGHPRGLILFDWLRQG¶pOHFWURGH*&SDUGpS{W
pOHFWURO\WLTXHjEDVHGHFXLYUHHWGHSDOODGLXP(QHIIHWOHFXLYUHHVWUpSXWpSRXUrWUHXQGHV
PHLOOHXUVPpWDX[SRXUUpGXLUHOHVLRQVQLWUDWH&UpHUGHVGpS{WVPL[WHVFXLYUHSDOODGLXPDPqQH
XQHDPpOLRUDWLRQGHO¶DFWLYLWppOHFWURFDWDO\WLTXHGHO¶pOHFWURGH/HSUpFXUVHXUGHFXLYUHXWLOLVp
YD IRUWHPHQW LQIOXHQFHU OHV GLIIpUHQWV UpVXOWDWV HW LO HVW DSSDUX TXH OH PDWpULDX RIIUDQW OHV
PHLOOHXUV UpVXOWDWVpWDLW OHGpS{WpOHFWURO\WLTXHREWHQXjSDUWLUGXVHOGHFXLYUHHWGXVHOGH
SDOODGLXP
(QILQOHVUpVXOWDWVRQWpWpFRPSOpWpVSDUFRPSDUDLVRQDYHFXQHpOHFWURGHGHFXLYUHPDVVLIHW
VDPRGLILFDWLRQSDUGpS{WpOHFWURO\WLTXHGHSDOODGLXP&HWWHpOHFWURGHGRQQHGHVUpVXOWDWVWUqV
SURFKHVGHFHX[REWHQXVDYHF OD PHLOOHXUHpOHFWURGH*&PRGLILpH1RXVDYRQVSDU OD VXLWH
pWXGLp OD VHQVLELOLWpGHFHWWHpOHFWURGHGHFXLYUH PRGLILpH YLVjYLVGH OD UpGXFWLRQGHV LRQV
QLWUDWH&HWWHpOHFWURGHSHUPHWGHGpWHFWHUXQHYDULDWLRQGHFRQFHQWUDWLRQGH0HQLRQV
QLWUDWH GDQV OHV FRQGLWLRQV GH PDQLSXODWLRQ 7RXWHIRLV LO IDXW ELHQ FRPSUHQGUH TXH O¶HDX
SRWDEOHFRQWLHQWEHDXFRXSGHJD]HWG¶LRQVGLVVRXWVTXLYRQWSUREDEOHPHQWPRGLILHUODSUpFLVLRQ
HWODVHQVLELOLWpGHVGLIIpUHQWVV\VWqPHVXWLOLVpV
/HV GLIIpUHQWV UpVXOWDWV GRLYHQW rWUH FRPSOpWHU SDU GHV FDUDFWpULVDWLRQV VXSSOpPHQWDLUHV
FRPPH QRWDPPHQW OD VSHFWURPpWULH GH PDVVH FRXSOpH j O¶pOHFWURFKLPLH SRXU DQDO\VHU OHV
SURGXLWV GHV GLIIpUHQWHV UpDFWLRQV pOHFWURFDWDO\WLTXHV RX HQFRUH O¶$)0 SRXU pWXGLHU OD
PRUSKRORJLH GHV GpS{WV IRUPpV DILQ GH PLHX[ FRPSUHQGUH OHV SKpQRPqQHV REVHUYpV SDU
pOHFWURFKLPLH%HDXFRXSG¶pWXGHVVXSSOpPHQWDLUHVSHXYHQWpJDOHPHQWrWUHHQWUHSULVHVFRPPH
SDUFKRLVLUXQSUpFXUVHXUPpWDOOLTXHGLIIpUHQWSDUH[HPSOHO¶XWLOLVDWLRQGX3:&XTXLDOD
SDUWLFXODULWp GH SURGXLUH GHV QDQRSDUWLFXOHV GH FXLYUH VRXV LUUDGLDWLRQ 89  YLVLEOH pWXGLHU
O¶LQIOXHQFH GX SRWHQWLHO XWLOLVp SRXU OH GpS{W pOHFWURO\WLTXH DLQVL TXH OD TXDQWLWp GH PDWLqUH
GpSRVpHjO¶pOHFWURGH/HWUDLWHPHQWGHO¶pWDWGHVXUIDFHGHO¶pOHFWURGHGHWUDYDLODYDQWGpS{W
pOHFWURO\WLTXHHVWpJDOHPHQWXQIDFWHXUWUqVLPSRUWDQW1HIDLUHTXH©JUDWWHUªO¶pOHFWURGHVXU
OHFDUEXUHGHVLOLFLXPDPqQHGHVUpVXOWDWVPHLOOHXUVFDUODVXUIDFHpOHFWURDFWLYHHVWSOXVJUDQGH
OH SUREOqPH HVW TX¶RQ QH FRQWU{OH SDV WRWDOHPHQW O¶pWDW GH VXUIDFH SDU FHWWH PpWKRGH
FRQWUDLUHPHQWDX[pOHFWURGHVSROLHVVHORQXQSURWRFROHSUpFLV
 
&KDSLWUH,9±&DUDFWpULVDWLRQpOHFWURFKLPLTXHHWSURSULpWpVpOHFWURFDWDO\WLTXHVGHV
QDQRSDUWLFXOHVGHSDOODGLXPHWGHVPDWpULDX[K\EULGHV320V13V

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/¶REMHFWLI SULQFLSDO GH FHWWH WKqVH FRQVLVWDLW DX GpYHORSSHPHQW G¶XQH QRXYHOOH FODVVH GH
PDWpULDX[LQRUJDQLTXHVSRXUGHVDSSOLFDWLRQVGDQVOHGRPDLQHGHO¶HQYLURQQHPHQWUpGXFWLRQ
GHV LRQVQLWUDWHHWGHO¶pQHUJLHUpGXFWLRQGXGLR[\JqQH(QHIIHW OHVQLWUDWHVVRQWUHFRQQXV
FRPPHSROOXDQWHWODUpGXFWLRQGXGLR[\JqQHHVWODUpDFWLRQTXLD OLHXGDQVOHFRPSDUWLPHQW
FDWKRGLTXH GHV SLOHV j FRPEXVWLEOHV 3RXU FH IDLUH QRXV QRXV VRPPHV DSSX\pV VXU OHV
SURSULpWpV pOHFWURFDWDO\WLTXHV GH PDWpULDX[ K\EULGHV j EDVH GH SRO\R[RPpWDOODWHV 320V
DQDORJXHV PROpFXODLUHV VROXEOHVGH PpODQJHVG¶R[\GHV PpWDOOLTXHVHWGHQDQRSDUWLFXOHVGH
SDOODGLXP
7RXWG¶DERUGQRXVDYRQVGRQFpWXGLpOHVGLIIpUHQWVSURFHVVXVpOHFWURFKLPLTXHVTXLUpJLVVDLHQW
OHV pFKDQJHV pOHFWURQLTXHV DX VHLQ GH OD VWUXFWXUH GH 320V GH W\SH 'DZVRQ ^Į3:
[0[2`R0 0R9,RX99HW[ RX&HWWHpWXGHFRPELQpHjGHVFDOFXOVWKpRULTXHV
SDU')7DSHUPLVGHPHWWUHHQDYDQWOHVVLWHVSUpIpUHQWLHOOHPHQWUpGXLWVSRXUFHWWHIDPLOOHGH
FRPSRVpV3HXLPSRUWHOHXUQRPEUHRXOHXUSRVLWLRQOHVFHQWUHVPRO\EGLTXHVRXYDQDGLTXHV
VHURQWWRXMRXUVOHVSUHPLHUVFHQWUHVPpWDOOLTXHVUpGXLWVHWFHGHPDQLqUHUpYHUVLEOH8QHIRLVOD
WRWDOLWpGHVFHQWUHVVXEVWLWXDQWVUpGXLWVOHVpOHFWURQVVXSSOpPHQWDLUHVVHURQWDORUVGLULJpVYHUV
OHV FHQWUHV WXQJVWLTXHV GX 320 FRQGXLVDQW WUqV VRXYHQW j GHV YDJXHV PXOWLpOHFWURQLTXHV
LUUpYHUVLEOHVTXLHQWUDLQHQWODPRGLILFDWLRQGHODVXUIDFHGHO¶pOHFWURGH,ODpJDOHPHQWpWpPLV
HQ DYDQW TXH OHV VLWHV pTXDWRULDX[ pWDLHQW SUpIpUHQWLHOOHPHQW UpGXLWV SDU UDSSRUW DX[ VLWHV
DSLFDX[pOHFWURQVDMRXWpVTXLVHURQWDORUVGpORFDOLVpVDXVHLQGHFHWWHFRXURQQH/¶pWXGHGH
V\VWqPHVDQDORJXHVDSSDUWHQDQWjODIDPLOOH.HJJLQ>Į6L:[0R[2@[ HWQH
PRQWUHTX¶XQLQWpUrWOLPLWpOHVSURSULpWpVGHFHWWHIDPLOOHD\DQWGpMjpWpODUJHPHQWH[SORUpHV
'DQVOHPrPHWHPSVQRXVDYRQVUpXVVLjLVROHUHWjFDUDFWpULVHUSDUGLIIUDFWLRQGHUD\RQV;OH
GLPqUH Į6L:0R2(X TXL PRQWUH GHV UpVXOWDWV SURPHWWHXUV SRXU OD UpGXFWLRQ GH
O¶R[\JqQH
(QVXLWHQRXVDYRQVVpOHFWLRQQpGHX[GHVHV320VGHODIDPLOOHGH'DZVRQO¶LRQĮ3:0R
HW OHĮ3:9SRXU OD V\QWKqVHGHQDQRSDUWLFXOHVGHSDOODGLXPGDQV O¶HDX SDU LUUDGLDWLRQ
GDQVOHGRPDLQHGXYLVLEOHȜQP(QHIIHWOHV320VVRQWFRQQXVSRXUFHWWHXWLOLVDWLRQ
FDU LOV YRQW j OD IRLV MRXHU OH U{OH GH UpGXFWHXU GX FDWLRQ PpWDOOLTXH PDLV pJDOHPHQW GH
VXUIDFWDQW/DV\QWKqVHSDUSKRWRUpGXFWLRQDpWpSUpIpUpHjFHOOHSDUpOHFWURUpGXFWLRQFDUHOOH
D O¶DYDQWDJH GH SHUPHWWUH XQ VXLYL GH OD IRUPDWLRQ GHV QDQRSDUWLFXOHV GH SDOODGLXP SDU
VSHFWURVFRSLH 89 ± YLVLEOH FH TXL SHUPHW G¶HQYLVDJHU O¶pWXGH GHV PpFDQLVPHV GH OHXU
IRUPDWLRQ /HV GHX[ 320V RQW PRQWUp XQ FRPSRUWHPHQW VLPLODLUH SRXU OD V\QWKqVH GHV
QDQRSDUWLFXOHVVDXIDXQLYHDXGHODFLQpWLTXHO¶HVSqFHYDQDGLTXHHVWEHDXFRXSSOXVUDSLGHPHQW
&RQFOXVLRQ*pQpUDOH

UpGXLWH HW GRQF SHUPHW OD V\QWKqVH GH QDQRSDUWLFXOHV SOXV UDSLGHPHQW /HV GLVSHUVLRQV GH
QDQRSDUWLFXOHVVHVRQWDYpUpHVVWDEOHVVXUXQLQWHUYDOOHGHWHPSVG¶DXPRLQVXQPRLV$XFXQH
GLIIpUHQFH Q¶D pWp REVHUYpH DX QLYHDX GH OD WDLOOH RX GH OD PRUSKRORJLH GHV QDQRSDUWLFXOHV
VXLYDQW OHV GLIIpUHQWHV FRQGLWLRQV GH V\QWKqVH PDLV FHFL D pWp H[SOLTXp SDU OH IDLW TXH OHV
QDQRSDUWLFXOHVRQWpWpODYpHVjO¶HDXDYDQWOHVGLIIpUHQWHVFDUDFWpULVDWLRQVSK\VLFRFKLPLTXHV
/HV13VGHSDOODGLXPREWHQXHVVRQWELHQGHVWUXFWXUHFXELTXHIDFHVFHQWUpHVDYHFXQHWDLOOH
PR\HQQH VLWXpH HQWUH  HW  QP G¶DSUqV OHV UpVXOWDWV +57(0 /HV UpVXOWDWV G¶;36 RQW
SHUPLVGHYpULILHUTXHOHSDOODGLXPVHWURXYHELHQjO¶pWDWG¶R[\GDWLRQHQWUqVJUDQGHPDMRULWp
OHSDOODGLXP,,Q¶DpWpREVHUYpTX¶jO¶pFKHOOHGHWUDFHV
(QILQ OHV SURSULpWpV pOHFWURFDWDO\WLTXHV YLVjYLV GH OD UpGXFWLRQ GHV LRQV QLWUDWH HW GH
O¶R[\JqQHGHFHVQDQRSDUWLFXOHVGHSDOODGLXPHWGHPDWpULDX[K\EULGHV3203G13VVHXOVRX
GLVSHUVpVGDQVODSRXGUHGHQRLUGHFDUERQHRQWpWppYDOXpHV/HVQDQRSDUWLFXOHVGHSDOODGLXP
QHPRQWUHQWDXFXQHDFWLYLWpYLVjYLVGHVHVGHX[UpDFWLRQV(QUHYDQFKHOHPDWpULDXK\EULGH
DODFDSDFLWpGHUpGXLUHOHGLR[\JqQHHWFHjGHVSRWHQWLHOVUHODWLYHPHQWSRVLWLIVPDLVQHPRQWUH
DXFXQHDFWLYLWpSRXUODUpGXFWLRQpOHFWURFDWDO\WLTXHGHVLRQVQLWUDWH1RXVDYRQVGRQFFKRLVL
XQHDXWUHPpWKRGHGHPRGLILFDWLRQG¶pOHFWURGHVGHFDUERQHYLWUHX[SRXU\SDUYHQLUSDUGpS{WV
pOHFWURO\WLTXHVGH FXLYUH HWGHSDOODGLXP OHFXLYUHpWDQWXQGHV PHLOOHXUVFDWDO\VHXUVGH OD
UpGXFWLRQ GHV LRQV QLWUDWH 'DQV OH PrPH WHPSV FHV UpVXOWDWV RQW pWp FRPSDUpV DYHF OD
PRGLILFDWLRQG¶XQHpOHFWURGHGHFXLYUHSXUSDUGpS{WpOHFWURO\WLTXHGHSDOODGLXP,OHVWDSSDUX
TXHOHGpS{WGHFXLYUHjSDUWLUG¶XQ320VXEVWLWXpDXFXLYUHGRQQHGHPRLQVERQVUpVXOWDWV
TX¶XQGpS{WREWHQXjSDUWLUG¶XQVHOGHFXLYUHRXTXHO¶pOHFWURGHGHFXLYUH)LQDOHPHQWQRXV
DYRQVpWXGLpODVHQVLELOLWpHWODSUpFLVLRQGHGpWHFWLRQGHFHWWHpOHFWURGHGHFXLYUHPRGLILpH
GHV YDULDWLRQV GH FRQFHQWUDWLRQV GH  0 HQ LRQV QLWUDWH VRQW QHWWHPHQW REVHUYpHV
FRQFHQWUDWLRQIRLVSOXVIDLEOHTXHOHVHXLOGHSROOXWLRQPLVHQSODFHSDUO¶206
(QGpILQLWLYHHWFRQWUHQRVDWWHQWHVLOQ¶DSDVpWpREVHUYpGHV\QHUJLHHQWUHOH320HWOD13
GH3GSRXUODUpGXFWLRQGHV LRQVQLWUDWHHQO¶DEVHQFHGHFXLYUH7RXWHIRLVGHSDUOHQRPEUH
FURLVVDQWGH320VGpFRXYHUWVHW OHXUVDUFKLWHFWXUHVGHSOXVHQSOXVFRPSOH[HV LO Q¶HVWSDV
DEVXUGHGHFURLUHTXHFHVFRPSRVpVSRXUURQWXQMRXUFRQFXUUHQFHUOHVDOOLDJHVPpWDOOLTXHVGDQV
FHUWDLQVSURFHVVXVFDWDO\WLTXHVQRWDPPHQWFHX[SUpVHQWpVGDQVOHFDGUHFHWWHpWXGH
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I. Méthodes de caractérisation 
I.1.Spectroscopie infrarouge 
/¶HQVHPEOH GHV PHVXUHV GH VSHFWURVFRSLH LQIUDURXJH D pWp HQUHJLVWUp SDU XQ VSHFWURPqWUH
1,&2/(7)7,5/HVVSHFWUHVRQWpWpWUDLWpVjO¶DLGHGXORJLFLHO201,&
I.2.Spectroscopie UV-visible 
/HVPHVXUHVGHVSHFWURVFRSLH89YLVLEOHRQWpWpIDLWHVVXUXQVSHFWURSKRWRPqWUH3HUNLQ(OPHU
/DPEGD  RX 3HUNLQ(OPHU /DPEGD  SLORWpV SDU OH ORJLFLHO 89:LQODE 'HV FXYHV HQ
TXDUW]G¶XQFKHPLQRSWLTXHGHPPRQWpWpXWLOLVpHVGDQVOHVGHX[FDV
I.3.Diffraction des rayons X 
I.3.1. Sur monocristal 
/HVGRQQpHVEUXWHVRQWpWpFROOHFWpHVVXUXQGLIIUDFWRPqWUH6,(0(1660$57jWURLVFHUFOHV
,O HVWpTXLSpG¶XQGpWHFWHXU&&'ELGLPHQVLRQQHOHWXWLOLVH OD ORQJXHXUG¶RQGHG¶LUUDGLDWLRQ
Ȝ0R.Į c/HVFULVWDX[VRQWPRQWpVVXUXQHERXFOHHQQ\ORQ
/HVGRQQpHVUpGXLWHVVRQWGDQVXQSUHPLHUWHPSVWUDLWpHVSDUOHSURJUDPPH6$'$%6TXL
HIIHFWXHOHVFRUUHFWLRQVG¶DEVRUSWLRQG¶DSUqVODPpWKRGHHPSLULTXHGH%OHVVLQJ/HVDWRPHV
VRQWHQVXLWHORFDOLVpVSDUXQHPpWKRGHGLUHFWHDYDQWTXHOHVUpVXOWDWVQHVRLHQWSURJUHVVLYHPHQW
DIILQpVSDUODPpWKRGHGHVPRLQGUHVFDUUpVHQXWLOLVDQWODFKDLQHGHSURJUDPPHV6+(/;7/
'DQVOHFDVRODVWUXFWXUHFRQWLHQWGHQRPEUHX[YLGHVRFFXSpVSDUGHVPROpFXOHVGHVROYDQW
RX GHV FRQWUHLRQV OHV GRQQpHV SHXYHQW rWUH FRUULJpHV SDU O¶DSSOLFDWLRQ GX SURJUDPPH
648((=(TXLIDLWSDUWLHGHODFKDLQHGHSURJUDPPHV3/$721
I.3.2. Sur poudre 
/HVVSHFWUHVGHGLIIUDFWLRQVXUSRXGUHRQWpWpHQUHJLVWUpVDYHFXQVSHFWURPqWUH6LHPHQV'
pTXLSpG¶XQHDQRGH&X.Į cHWSLORWpSDUODFKDLQHGHSURJUDPPHV',))5$&7SOXV
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I.4.Analyse thermogravimétrique 
/HV FRXUEHV G¶DQDO\VHV WKHUPRJUDYLPpWULTXHV HQ DEUpJp $7* RQW pWp HQUHJLVWUpHV VXU XQ
DSSDUHLO7*$GH7$,QVWUXPHQWVRX7*$'6&GH0HWOHU7ROHGR/DPDVVHGHSURGXLW
XWLOLVpHSRXUHIIHFWXHUO¶pWXGHHVWFRPSULVHHQWUHHWPJ/HVpFKDQWLOORQVVRQWFKDXIIpVj
XQHYLWHVVHGH&PLQjSDUWLUGHODWHPSpUDWXUHDPELDQWHMXVTX¶j&VRXVIOX[G¶D]RWH
&HVDQDO\VHVSHUPHWWHQWG¶REWHQLUOHQRPEUHGHPROpFXOHVG¶HDXG¶K\GUDWDWLRQGXFRPSRVpHW
SDUFRQVpTXHQWODPDVVHPRODLUHH[DFWHGXSURGXLW
݊ுమை ൌ  ?ுమைǤ ܯ௔௡௛ܯுమை Ǥ  ?௔௡௛ ܯ ൌ ܯ௔௡௛ ൅ ܯுమைǤ ݊ுమை݊ுమைQRPEUHGHPROpFXOHVG¶HDXG¶K\GUDWDWLRQ ?ுమைSHUWHGHPDVVHܯ௔௡௛PDVVHPRODLUHGXSURGXLWDQK\GUHJPRO ?௔௡௛ ±+20PDVVHPRODLUHGXSURGXLWJPRO
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)LJXUH3UpVHQWDWLRQG¶XQHFRXUEH$7*GHĮ3:0R
I.5.Spectroscopie RMN 
/HVPHVXUHV5013RQWpWpHIIHFWXpHVVXUXQVSHFWURPqWUH%UNHU$&Ȟ3 
0+]GDQVGHVWXEHVGHPP/HVGpSODFHPHQWVFKLPLTXHVVRQWGRQQpVSDUUDSSRUWj+32
į SSP
$QQH[HV
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/HV PHVXUHV 501 6L HW : RQW pWp HIIHFWXpV VXU XQ VSHFWURPqWUH %UNHU $YDQFH
Ȟ6L    0+] Ȟ:    0+] GDQV GHV WXEHV GH  PP /HV GpSODFHPHQWV
FKLPLTXHV VRQW GRQQpV SDU UDSSRUW j 6L&+ į    SSP HW 1D:2 į   SSP
UHVSHFWLYHPHQW3RXUWRXWHVOHVDQDO\VHV501ODWHPSpUDWXUHHVWFRQWU{OpHHWIL[pHj&
I.6.Irradiation UV-visible 
/HVVROXWLRQVjLUUDGLHUVRQWSODFpHVGDQVXQHFXYHHQTXDUW]GHFKHPLQRSWLTXHGHPP
HWVRQWPDLQWHQXHVVRXVXQIOX[G¶DUJRQSHQGDQWWRXWHODGXUpHGHO¶H[SpULHQFHFHTXLSHUPHW
HQPrPHWHPSVG¶DJLWHU OD VROXWLRQ/DFXYHHVWSODFpHGDQVXQUpFHSWDFOHSHUPHWWDQWGH OD
WKHUPRVWDWHU j & j O¶DLGH G¶XQ 0LQLFKLOOHU +XEHU 8QH ODPSH DX ;HQRQ VRXV R]RQH
1HZSRUW 0RGqOH 1 FRPPDQGpH JUkFH j XQH DOLPHQWDWLRQ 1HZSRUW 0RGqOH 1
 TXL SHUPHW GH FKRLVLU OD SXLVVDQFH GH VRUWLH HVW XWLOLVpH pTXLSpH G¶XQ ILOWUH j HDX
1HZSRUW 0RGqOH 1 DYHF XQH GRXEOH HQYHORSSH pJDOHPHQW WKHUPRVWDWp ILJXUH 
7RXWHV OHV LUUDGLDWLRQVRQWpWpHIIHFWXpHVj ODSXLVVDQFHGH:VDXIGDQV OHVFDVR OD
YDOHXUGHSXLVVDQFHXWLOLVpHHVWVSpFLILpHHWXQILOWUHFRXSDQWjQPHVWXWLOLVp1HZSRUW
)64**/DSXLVVDQFHUHoXHSDUODFXYHDSXrWUHPHVXUpHJUkFHjXQSXLVVDQFHPqWUH
1HZSRUW0RGqOH1&/DFXYHHVWSODFpHjGLVWDQFHYDULDEOHGHODODPSHDILQG¶DYRLU
OD PrPH SXLVVDQFH UHoXH  :FPð SRXU WRXWHV OHV H[SpULHQFHV G¶LUUDGLDWLRQ /D
VSHFWURVFRSLH89YLVLEOHSHUPHWGHVXLYUHO¶DYDQFHPHQWGHVUpDFWLRQV
$QQH[HV
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
)LJXUH6FKpPDGXPRQWDJHSRXUOHVH[SpULHQFHVG¶LUUDGLDWLRQ

I.7.Electrochimie 
I.7.1. Méthode générale 
/HVUpVXOWDWVG¶pOHFWURFKLPLHRQWpWpREWHQXVjO¶DLGHG¶XQSRWHQWLRVWDW(*	*$SLORWp
SDU OH ORJLFLHO 0 8QH FHOOXOH pOHFWURFKLPLTXH j WURLV FRPSDUWLPHQWV FRPSRUWDQW XQ
PRQWDJH VWDQGDUG j WURLV pOHFWURGHV ILJXUH  D pWp XWLOLVpH SRXU WRXWHV OHV pWXGHV GH
YROWDPPpWULHF\FOLTXHHWGHFRXORPpWULHjSRWHQWLHOFRQWU{Op&3&
HDX
HDX
&XYHHQTXDUW]
FRQWHQDQWOD
VROXWLRQjLUUDGLHU
)LOWUH
QP
/DPSH;H )LOWUHjHDX
$QQH[HV
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
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
)LJXUH6FKpPDGXPRQWDJHjWURLVpOHFWURGHV
(7pOHFWURGHGHWUDYDLO&(FRQWUHpOHFWURGH5pIpOHFWURGHGHUpIpUHQFH

/¶DSSDUHLOODJHpOHFWURQLTXHSURSUHPHQWGLW VHFRPSRVHG¶XQSRWHQWLRVWDW(*	*$HW
G¶XQJpQpUDWHXUGHWHQVLRQTXLSHUPHWWHQWG¶LPSRVHU ODGLIIpUHQFHGHSRWHQWLHO YRXOXHHQWUH
O¶pOHFWURGHGHWUDYDLOHW O¶pOHFWURGHGH UpIpUHQFH RQ IDLWYDULHU OHSRWHQWLHOGH O¶pOHFWURGHGH
WUDYDLOWRXWHQPDLQWHQDQWFHOXLGHO¶pOHFWURGHGHUpIpUHQFHVWDEOH,OHVWjQRWHUTXHOHFRXUDQW
QHFLUFXOHSDVHQWUHFHVGHX[pOHFWURGHVPDLVHQWUHO¶pOHFWURGHGHWUDYDLOHWODFRQWUHpOHFWURGH
pYLWDQW DLQVL OD SRODULVDWLRQ GH O¶pOHFWURGH GH UpIpUHQFH *UkFH DX ORJLFLHO 0 UHOLp DX
SRWHQWLRVWDW SDU RUGLQDWHXU RQ SHXW IDLUH YDULHU OH SRWHQWLHO HQWUH XQH YDOHXU LQLWLDOH (L
JpQpUDOHPHQWFKRLVLHGHWHOOHVRUWHTX¶DXFXQHVXEVWDQFHGHODVROXWLRQQHVRLWpOHFWURDFWLYHOH
SRWHQWLHO GH UHSRV GH O¶HVSqFH pOHFWURDFWLYH HW XQH YDOHXU ILQDOH (IHQ SDVVDQW SDU XQ SRLQW
DSSHOpYHUWH[RXSRWHQWLHOG¶LQYHUVLRQROHVHQVGHEDOD\DJHGHVSRWHQWLHOVHVWLQYHUVp,OHVW
DXVVLSRVVLEOHGHUpJOHUODYLWHVVHGHEDOD\DJHH[SULPpHHQP9VRXGHF\FOHUSOXVLHXUVIRLV
VXU ODPrPHSODJHGHSRWHQWLHO$YHFFKDTXHH[SpULHQFH OHVVROXWLRQVVRQWGpJD]pHVSDUGH
O¶DUJRQSXUHSHQGDQWDXPRLQVPLQXWHVHWXQHSUHVVLRQSRVLWLYHGHFHJD]HVWPDLQWHQXH
SHQGDQWWRXWHODGXUpHGHO¶H[SpULHQFH
/¶pOHFWURGHGHUpIpUHQFHXWLOLVpHHVWXQHpOHFWURGHDXFDORPHOVDWXUp6&(HWODFRQWUHpOHFWURGH
HVWXQHSODTXHGHSODWLQHGHJUDQGHVXUIDFH/HVGHX[pOHFWURGHVVRQWVpSDUpHVGHO¶pOHFWURO\WH
SDU GHV DOORQJHV IULWWpHV FRQWHQDQW OH PrPH pOHFWURO\WH IDLEOH SRURVLWp SRXU O¶pOHFWURGH GH
UpIpUHQFHHWPR\HQQHSRURVLWpSRXUODFRQWUHpOHFWURGH/¶pOHFWURGHGHWUDYDLOSRXUOHVDQDO\VHV
GH YROWDPPpWULH F\FOLTXH HVW XQ GLVTXH GH  PP GH GLDPqWUH GH FDUERQH YLWUHX[ *&
0(56(1)UDQFHILJXUH/HSUpWUDLWHPHQWGHO¶pOHFWURGHFRQVLVWHDXSROLVVDJHGHODVXUIDFH
$QQH[HV
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GX GLVTXH L HQ JUDWWDQW PDQXHOOHPHQW VXU GX SDSLHU GH FDUEXUH GH VLOLFLXP 6L& LL HQ
SROLVVDQWVXUGHVGUDSVGHSROLVVDJHDYHFXWLOLVDWLRQGHSkWHGHGLDPDQW'3'LDPRQG6WUXHUV
GHGLIIpUHQWHVWDLOOHVGHJUDLQPLQXWHVVXUPPLQXWHVVXUPHWPLQXWHVVXUP
LLL O¶pOHFWURGH HVW HQVXLWH SORQJp GDQV GHX[ EDLQV j XOWUDVRQV VXFFHVVLIV pWKDQRO SXLV HDX
PLOOL4 SHQGDQW  PLQXWHV SRXU FKDTXH /¶pOHFWURGH DX FDUERQH YLWUHX[ HVW DVVHPEOpH DX
ODERUDWRLUHGHODFROOHjDUJHQWHVWXWLOLVpHSRXUIDLUHOHFRQWDFWHQWUHOHFDUERQHYLWUHX[HWOH
ILOGHFXLYUHO¶pOHFWURGHDLQVLIDEULTXpHHVWHQVXLWHPDLQWHQXGDQVXQWXEHHQYHUUHJUkFHjXQH
UpVLQHUpVLQHpSR[\'DQVOHFDVGHVpWXGHVVXUOHGLPqUHHXURSLXPO¶pOHFWURGHGHWUDYDLOHVW
XQHpOHFWURGHGHFDUERQHS\URO\WLTXH(3*0(56(1)UDQFHGHPPGHGLDPqWUHPRQWpH
GHODPrPHPDQLqUHTXHO¶pOHFWURGHGHFDUERQHYLWUHX[

)LJXUH6FKpPDG¶XQHpOHFWURGHGHFDUERQHYLWUHX[

/¶pOHFWURGHXWLOLVpHSRXUOHVH[SpULHQFHVGH&3&HVWXQHVLPSOHSODTXHGHFDUERQHYLWUHX[FD
[[PP*&0(56(1)UDQFH6RQSROLVVDJHFRQVLVWHj ODJUDWWHUDYHFOHSDSLHUGH
FDUEXUHGHVLOLFLXPHWGHODSDVVHUDXEDLQjXOWUDVRQVGDQVGHO¶HDXPLOOL4SHQGDQWPLQXWHV
/D FRQFHQWUDWLRQ GH SRO\DQLRQV HVW GH  PRO/ VL QRQ SUpFLVpH SRXU WRXWHV OHV
H[SpULHQFHV GH YROWDPPpWULH F\FOLTXH HW GH FRXORPpWULH j SRWHQWLHO FRQWU{Op 7RXV OHV
YROWDPPRJUDPPHVF\FOLTXHVRQWpWpHQUHJLVWUpVjP96VDXIVLFRQWUHLQGLTXp7RXVOHV
SRWHQWLHOVVRQWGRQQpVSDUUDSSRUWj OD6&(7RXWHV OHVPHVXUHVRQWpWpIDLWHVjWHPSpUDWXUH
DPELDQWHTXLHVWIL[pHHWFRQWU{OpHj&SRXUOHODERUDWRLUH/HVSRVVLEOHVIOXFWXDWLRQVHQWUH
GHX[PrPHVH[SpULPHQWDWLRQVVRQWDWWULEXpHVjO¶LQFHUWLWXGHDVVRFLpHjOD OLPLWHGHGpWHFWLRQ
GHO¶pTXLSHPHQWSRWHQWLRVWDWKDUGZDUHVRIWZDUHHWQRQDXSUpWUDLWHPHQWGHO¶pOHFWURGHRX
GHODSRVVLEOHIOXFWXDWLRQGHWHPSpUDWXUH
$QQH[HV
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I.7.2. La voltammétrie cyclique à variation linéaire de potentiel 
/DYROWDPPpWULHF\FOLTXHHVWXQHPpWKRGHG¶pWXGHGHODFLQpWLTXHpOHFWURFKLPLTXHGHVHQWLWpV
pOHFWURDFWLYHV&HWWHPpWKRGHSHUPHWG¶HQUHJLVWUHUDXFRXUVG¶XQHVHXOHH[SpULHQFHODFRXUEH
G¶LQWHQVLWpHQIRQFWLRQGXWHPSVHQVDFKDQWTXHOHWHPSVHVWOLpDXSRWHQWLHOSDUXQHUHODWLRQ
OLQpDLUHVHORQODUHODWLRQ ܧ ൌ ܧ௜ േ ݒݐ
(SRWHQWLHOGHO¶pOHFWURGHLQGLFDWULFH9
(LSRWHQWLHOLQLWLDODSSOLTXpjO¶pOHFWURGH9
YYLWHVVHGHEDOD\DJHY G(GW9V
WWHPSVV
/RUVTXHOHSURFHVVXVGHUpGXFWLRQpWXGLpHVWGHODIRUPH$Hĺ$ƔOHYROWDPPRJUDPPH
FRUUHVSRQGDQW SUpVHQWH XQ SLF j XQ SRWHQWLHO (S ILJXUH $ (Q HIIHW VL OH SRWHQWLHO HVW
VXIILVDPPHQWSRVLWLI(L!(RQREVHUYHXQLTXHPHQWOHFRXUDQWUpVLGXHO/RUVTXHOHSRWHQWLHO
GLPLQXHODYLWHVVHGHUpGXFWLRQGH$DXJPHQWHG¶RO¶DFFURLVVHPHQWGXFRXUDQWFDWKRGLTXH
6L OD YLWHVVH GH GLVSDULWLRQ GH $ GHYLHQW WURS JUDQGH DORUV OD FRQFHQWUDWLRQ j O¶pOHFWURGH
V¶DQQXOHILJXUH%$SDUWLUGHFHPRPHQWVHXOLQWHUYLHQWOHFRXUDQWGHGLIIXVLRQTXLYDULH
HQʌ'WHQVXSSRVDQW ODGLIIXVLRQOLQpDLUH,OV¶HQVXLWDORUVXQHGpFURLVVDQFHGXFRXUDQW
FDWKRGLTXHDYHFOHWHPSVHWGRQFDYHFOHSRWHQWLHO

)LJXUH$FRXUEHLQWHQVLWpSRWHQWLHO%SURILOGHFRQFHQWUDWLRQGH$HW$ƔSRXUGHV
SRWHQWLHOVLQIpULHXUVj(S
$XQSRWHQWLHO(SOXVQpJDWLITXHOHSRWHQWLHOGHSLFRQSHXWLQYHUVHUOHVHQVGHEDOD\DJHGHV
SRWHQWLHOV 2Q REVHUYH DLQVL XQ FRXUDQW DQRGLTXH HW OD FRXUEH ,   I( FRUUHVSRQGDQW j
O¶R[\GDWLRQGH$ HQ$SRVVqGH OD PrPHDOOXUHTXH ODFRXUEHDOOHUGDQV OHFDVGHV\VWqPHV
UpYHUVLEOHVILJXUH/¶HQVHPEOHGHFHWWHWHFKQLTXHHVWDSSHOpHYROWDPPpWULHF\FOLTXH
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
)LJXUHDOOXUHJpQpUDOHG¶XQHFRXUEHLQWHQVLWpSRWHQWLHOGHYROWDPPpWULHF\FOLTXHHWVHV
JUDQGHXUVFDUDFWpULVWLTXHV
,SDFRXUDQWGHSLFDQRGLTXH$
,SFFRXUDQWGHSLFFDWKRGLTXH$
(SDSRWHQWLHOGHSLFDQRGLTXH9(SFSRWHQWLHOGHSLFFDWKRGLTXH9

'DQV OH FDV G¶XQ WUDQVIHUW UDSLGH V\VWqPH UpYHUVLEOH O¶LQWHQVLWp GX SLF HVW GRQQpH SDU
O¶H[SUHVVLRQ ܫ௣ ൌ െ ?ǡ 砃?Ǥ 猃?ହǤ ݊ଷȀଶǤ ܵǤ ܦ஺ଵȀଶǤ ݒଵȀଶǤ ܥ஺
(SF (±QHQ9j& '$FRHIILFLHQWGHGLIIXVLRQGHO¶HVSqFH$FPðV
(SD (QHQ9j& &$FRQFHQWUDWLRQGH$PROFP
ǻ(S Q YYLWHVVHGHEDOD\DJHGXSRWHQWLHO9V
6VXUIDFHGHO¶pOHFWURGHFPð
QQRPEUHG¶pOHFWURQVSDUPROpFXOHR[\GpHRXUpGXLWH

/¶pWXGHGHVYDULDWLRQVGXFRXUDQWGHSLFHQIRQFWLRQGHODYLWHVVHGHEDOD\DJHORJ, IORJY
SHXWQRXVLQIRUPHUVXUODQDWXUHGHO¶pWDSHOLPLWDQWHGDQVXQSURFHVVXVpOHFWURFKLPLTXHHWVXU
OHPpFDQLVPHjO¶pOHFWURGH
x 6LODSHQWHGHODGURLWHORJ, IORJYHVWpJDOHjDORUVODUpDFWLRQHVWXQWUDQVIHUW
GHFKDUJHFRQWU{OpSDUODGLIIXVLRQQRWDPPHQWOHFDVGHVHVSqFHVHQVROXWLRQ
$QQH[HV
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x 6LODSHQWHGHODGURLWHORJ, IORJYHVWpJDOHjDORUVOHSURFHVVXVjO¶pOHFWURGH
FRPSRUWH XQ WUDQVIHUW GH FKDUJH DFFRPSDJQp G¶XQH DGVRUSWLRQ j OD VXUIDFH GH
O¶pOHFWURGHGHWUDYDLO
/DYROWDPPpWULHF\FOLTXHSHXWrWUHXWLOLVpHSRXUGpWHUPLQHUODQDWXUHHWODFRQFHQWUDWLRQGHV
HVSqFHV R[\GDEOHV RX UpGXFWLEOHV HQ VROXWLRQ &HWWH PpWKRGH SHUPHW DXVVL OD PHVXUH GHV
SDUDPqWUHV FLQpWLTXHV pOHFWURFKLPLTXHV GH VDYRLU ORUVTX
XQH UpDFWLRQ FKLPLTXH VH WURXYH
FRXSOpH j XQH UpDFWLRQ pOHFWURFKLPLTXH HW HQILQ GH GpWHUPLQHU FHUWDLQV SDUDPqWUHV
pOHFWURFKLPLTXHV FRPPH OH FRHIILFLHQW GH GLIIXVLRQ RX OD VXUIDFH VSpFLILTXH GX PDWpULDX
FRQGXFWHXU
I.7.3. La coulométrie à potentiel contrôlé (CPC) 
/DFRXORPpWULHjSRWHQWLHOFRQWU{OpHVWXQHPpWKRGHpOHFWURFKLPLTXHTXLSHUPHWG¶pYDOXHUOD
TXDQWLWpGHFRXUDQWpFKDQJpHHQWUHO¶pOHFWURGHGHWUDYDLOHWXQVXEVWUDWGRQQpSRXUXQHYDOHXU
GHSRWHQWLHOIL[pH/DPpWKRGHFRXORPpWULTXHHVWEDVpHVXUODORLGH)DUDGD\SRXUPHVXUHUOD
TXDQWLWpG¶pOHFWULFLWp4QpFHVVDLUHj ODUpDFWLRQpOHFWURFKLPLTXHHWVDPLVHHQ°XYUHQ¶HVW
SRVVLEOHTXHGDQVOHFDVRODWRWDOLWpGHO¶pOHFWULFLWpHVWGpSHQVpHSRXUODUpDFWLRQFRQVLGpUpH
F
HVWjGLUH ORUVTXHOHUHQGHPHQWHQFRXUDQWGHFHWWHUpDFWLRQHVWpJDOHj4XDQGFHWWH
FRQGLWLRQHVWUHPSOLHRQSHXWDSUqVDYRLUPHVXUpODTXDQWLWpG¶pOHFWULFLWpPLVHHQMHXWURXYHU
OD TXDQWLWp GH VXEVWDQFH 47 /D TXDQWLWp G¶pOHFWULFLWp PLVH HQ MHX GDQV XQH pOHFWURO\VH HVW
GpWHUPLQpHSDUODUHODWLRQ ்ܳ ൌ ܳெ ൅ ܳோ 
40TXDQWLWpG¶pOHFWULFLWpGpSHQVpHSDUODPROpFXOH
45TXDQWLWpG¶pOHFWULFLWpUpVLGXHOOH
/DWHFKQLTXHFRXORPpWULTXHFRQVLVWHHQODPHVXUHGHODTXDQWLWp4PLVHHQMHXDXFRXUVG¶XQH
WUDQVIRUPDWLRQ pOHFWURFKLPLTXH 'DQV XQH UpDFWLRQ pOHFWURFKLPLTXH OD TXDQWLWp GH PDWLqUH
WUDQVIRUPpHHVWOLpHjODTXDQWLWpG¶pOHFWULFLWpPLVHHQMHXGDQVOHVORLVGH)DUDGD\
݊ ൌ ݊ܳ௘ܨ
4TXDQWLWpG¶pOHFWULFLWpPLVHHQMHX&
QTXDQWLWpGHPDWLqUHGHO¶HVSqFHjGRVHUPRO
QHQRPEUHVG¶pOHFWURQVPLVHQMHX
)FRQVWDQWHGH)DUDGD\&PRO
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/DPHVXUHGH4SHUPHWGRQFG¶DWWHLQGUH
x /HQRPEUHG¶pOHFWURQVpFKDQJpVQHHQRSpUDQWVXUXQHPDVVHFRQQXHGHVXEVWUDW
x /DPDVVHGXVXEVWUDWVLOHQRPEUHG¶pOHFWURQVpFKDQJpVHVWFRQQX
I.7.4. Electro-catalyse 
$YDQWWRXWLOHVWLPSRUWDQWGHGLVWLQJXHUO¶pOHFWURFDWDO\VHGHODVLPSOHFDWDO\VH(QHIIHWHQ
FDWDO\VHOHFDWDO\VHXUHVWGLVVRXWHQVROXWLRQDORUVTX¶HQpOHFWURFDWDO\VHFHOXLFLHVWGpSRVpj
O¶pOHFWURGH /¶pOHFWURFDWDO\VH SHXW rWUH GpILQLH FRPPH pWDQW O¶DFFpOpUDWLRQ G¶XQH UpDFWLRQ
G¶pOHFWURGH SDU XQH VXEVWDQFH DGVRUEpH TXL Q¶HVW SDV FRQVRPPpH (OOH VH FDUDFWpULVH SDU
O¶DEDLVVHPHQWGHO¶pQHUJLHG¶DFWLYDWLRQGHVUpDFWLRQVpOHFWURFKLPLTXHVHWSDUOHVSURSULpWpVGX
V\VWqPHjODVXUIDFHGHO¶pOHFWURGH
/¶pOHFWURFDWDO\VHHVWFRQVLGpUpHFRPPHXQHFDWDO\VHKpWpURJqQHSXLVTX¶DXPRLQVXQHpWDSH
GH OD UpDFWLRQ pOHFWURFKLPLTXH VH SDVVH j O¶LQWHUIDFH pOHFWURGH ± VROXWLRQ 2Q DWWHQG G¶XQ
pOHFWURFDWDO\VHXUXQHDXJPHQWDWLRQGHODGHQVLWpGHFRXUDQWSRXUXQHVXUWHQVLRQIDLEOHGRQQpH
HW XQH IRUWH DFWLYLWp SRXU OD UpDFWLRQ FRQVLGpUpH 8QH DFWLYLWp FDWDO\WLTXH LPSRUWDQWH HVW
REVHUYpH VL OH FDWDO\VHXU SRVVqGH XQH JUDQGH VXUIDFH DFWLYH DFFHVVLEOH /¶pOHFWURFDWDO\VH
GpVLJQH DXVVL SDUIRLV OH UpVXOWDW G¶XQ pFKDQJH G¶pOHFWURQV HQ VROXWLRQ HQWUH O¶pOpPHQW
FDWDO\WLTXHHWOHVXEVWUDWHQVROXWLRQDYHFUpJpQpUDWLRQGXFDWDO\VHXUHQILQGHUpDFWLRQ
x 0pFDQLVPH
'H PDQLqUH JpQpUDOH OH JDLQ RX OD SHUWH G¶pOHFWURQV SDU XQH PROpFXOH V¶HIIHFWXH SDU XQH
VXFFHVVLRQGHGLIIpUHQWHVpWDSHV UpDFWLRQQHOOHVpOpPHQWDLUHVpOHFWURFKLPLTXHVRXFKLPLTXHV
/¶pWXGH WKpRULTXH GH SKpQRPqQHV FDWDO\WLTXHV UHSRVH VXU O¶DGRSWLRQ GH WHOV VFKpPDV
UpDFWLRQQHOVVLPSOLILpV(QpOHFWURFKLPLHPROpFXODLUHOHVUpGXFWLRQVpOHFWURFKLPLTXHVSHXYHQW
VHUpVXPHUSDUOHVVFKpPDVUpDFWLRQQHOVVXLYDQWV
8Q pOHFWURFDWDO\VHXU UpGXLW ' UpDJLW DYHF XQ RX SOXVLHXUV VXEVWUDWV 6 SRXU GRQQHU XQ
LQWHUPpGLDLUH 5 TXL GRQQH OH SURGXLW GH UpDFWLRQ 3 WRXW HQ UpJpQpUDQW OH FDWDO\VHXU (Q
pOHFWURFKLPLHOHVUpGXFWLRQVSHXYHQWVHUpVXPHUSDUOHVVFKpPDVVXLYDQWV
3RXUOHFDWDO\VHXU& &H '(34
3RXUOHVXEVWUDW6  6H 5(65
    5 3
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/¶HIIHW FDWDO\WLTXH WUDGXLW GRQF O¶LQWHUDFWLRQ HQWUH OH VXEVWUDW HW OH FDWDO\VHXU UpGXLW DYHF
UpJpQpUDWLRQGHFHGHUQLHU
'6   &3
3RXU TXH FHWWH UpDFWLRQ VRLW WKHUPRG\QDPLTXHPHQW SRVVLEOH GH OD JDXFKH YHUV OD GURLWH
O¶HQWKDOSLH OLEUH VWDQGDUG GH OD UpDFWLRQ GRLW rWUH QpJDWLYH &HWWH FRQGLWLRQ V¶H[SULPH SDU
O¶LQpTXDWLRQ
 (34(65R(65HVWOHSRWHQWLHOVWDQGDUGGXFRXSOH65
/D UpDFWLRQ JOREDOH SHXW VH WUDGXLUH SDU XQH VXFFHVVLRQ GH GHX[ UpDFWLRQV pOpPHQWDLUHV OD
SUHPLqUH UHSRVH VXU OD SRVVLELOLWp G¶H[LVWHQFH GH WUDQVIHUWV pOHFWURQLTXHV HQ VROXWLRQ HW OD
VHFRQGHVXUODIRUPDWLRQGHFRPSRVpVG¶DGGLWLRQ

&H  '

'6  &5

5  3
$YHFNNHWNOHVYLWHVVHVGHUpDFWLRQVUHVSHFWLYHV

6H 5(65
5 3
'DQV FHV UpDFWLRQV OH FDWDO\VHXU MRXH OH U{OH G¶XQ UHODLV G¶pOHFWURQV HQWUH O¶pOHFWURGH HW OD
VROXWLRQ R LO pFKDQJH XQ pOHFWURQ DYHF XQ VXEVWUDW DX FRXUV G¶XQH UpDFWLRQ GLUHFWH
G¶R[\GRUpGXFWLRQ&HW\SHGHFDWDO\VHHVWDSSHOpHFDWDO\VHUHGR[
/HVHFRQGVFKpPDUpDFWLRQQHOSHXWrWUHUHSUpVHQWpFRPPHFLGHVVRXV
&H  '

'6 '6

'6 &5
RX
'6H  '5
5  3
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/DIRUPHUpGXLWHGXFDWDO\VHXU'IRUPHDYHF OHVXEVWUDWXQLQWHUPpGLDLUHUpDFWLRQQHO'6
TXLpWDQWUHODWLYHPHQWLQVWDEOHVHGpFRPSRVHDSUqVDYRLUpWpUpGXLWjO¶pOHFWURGHRXHQVROXWLRQ
HQ UpJpQpUDQW OD IRUPH R[\GpH & GX FDWDO\VHXU 4XDQW j OD UpGXFWLRQ GX VXEVWUDW HOOH
V¶HIIHFWXHVHORQOHPpFDQLVPHpOHFWURFKLPLTXHFKLPLTXH8QHFDWDO\VHGHFHW\SHHVWTXDOLILpH
GHFDWDO\VHFKLPLTXH
x $YDQWDJHVGHODPpWKRGH
/¶pOHFWURFDWDO\VHSHUPHWG¶REWHQLUXQHIRUWHDFWLYLWpXQHpFRQRPLHGHFDWDO\VHXUHWG¶pYLWHU
OHVSUREOqPHVGHVpSDUDWLRQHQWUHOHFDWDO\VHXUHWOHSURGXLWGHUpDFWLRQ/HFDUDFWqUH'GX
GpS{Wj O¶pOHFWURGHSHUPHWG¶DYRLUXQHJUDQGHVXUIDFHDFWLYHHWG¶DXJPHQWHU ODFLQpWLTXHGH
UpDFWLRQ/HGpIL PDMHXUGH O¶pOHFWURFDWDO\VHHVWGH WURXYHUGHV V\VWqPHVTXLSHUPHWWHQWGH
IDLUHGHVWUDQVIHUWVG¶pOHFWURQVHWGHSURWRQVPXOWLSOHVWRXWHQFRQVHUYDQWOHXUHIILFDFLWp

I.8.Microscopie électronique en transmission 
/D PLFURVFRSLH pOHFWURQLTXH HQ WUDQVPLVVLRQ 7(0 SHUPHW OD FDUDFWpULVDWLRQ j O¶pFKHOOH
DWRPLTXH GHV VWUXFWXUHV FRPSRVLWLRQV FKLPLTXHV SURSULpWpV RSWLTXHV pOHFWULTXHV HW
PDJQpWLTXHV G¶pFKDQWLOORQV VROLGHV 8QH PXOWLWXGH G¶LQIRUPDWLRQ SHXYHQW rWUH REWHQXHV
FRPPH OD VWUXFWXUH GHV GpIDXWV OHV GpIRUPDWLRQV FULVWDOOLQHV OD FKLPLH GHV LQWHUIDFHV OD
FDUWRJUDSKLH GHV RUELWDOHV« /HV pFKDQWLOORQV pWXGLpV GRLYHQW rWUH DPLQFLV DILQ G¶rWUH
WUDQVSDUHQWVDX[pOHFWURQV/¶DQDO\VH7(0HVWGRQFGHVWUXFWLYH
/HV pOHFWURQV VRQW pPLV SDU OH FDQRQ FRQVWLWXp G¶XQ ILODPHQW HW GH GLIIpUHQWV pOpPHQWV
G¶H[WUDFWLRQ/HVpOHFWURQVVRQWHQVXLWHDFFpOpUpVVRXVXQHWUqVIRUWHWHQVLRQFHQWDLQHVGHNH9
DILQG¶DXJPHQWHUFRQVLGpUDEOHPHQWOHXUVYLWHVVHV/DSRVVLELOLWpGHUpDOLVHUXQPLFURVFRSHDYHF
GHV pOHFWURQV F¶HVW j GLUH GH SURGXLUH GHV LPDJHV DJUDQGLHV G¶REMHWV UpVXOWH GH SOXVLHXUV
SURSULpWpVILJXUH
x ODQDWXUHRQGXODWRLUHGHVpOHFWURQV8QIDLVFHDXG¶pOHFWURQVpTXLYDXWDXUD\RQQHPHQW
GHORQJXHXUG¶RQGHȜ KPYRPHWYVRQWUHVSHFWLYHPHQWODPDVVHHWODYLWHVVHGH
O¶pOHFWURQIRQFWLRQVGHODWHQVLRQG¶DFFpOpUDWLRQ9
x O¶H[LVWHQFHGHOHQWLOOHVDGDSWpHVjFHW\SHGHUD\RQQHPHQW,OHVWSRVVLEOHGHIRFDOLVHU
XQIDLVFHDXSDUDOOqOHG¶pOHFWURQVPRQRFLQpWLTXHVjO¶DLGHGHOHQWLOOHVPDJQpWLTXHV
$QQH[HV
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x O¶H[LVWHQFH GH V\VWqPH GH YLGH SHUIRUPDQW SHUPHWWDQW DX[ pOHFWURQV GH VH SURSDJHU
OLEUHPHQWjO¶LQWpULHXUGHODFRORQQH
x O¶H[LVWHQFH GH V\VWqPH G¶DFTXLVLWLRQ GHV LPDJHV pOHFWURQLTXHV JUkFH j GHV SODTXHV
SKRWRJUDSKLTXHVRXGHVFDPpUDV&&'

)LJXUH7UDMHWRSWLTXHGHVpOHFWURQVPRQWUDQWOHVSULQFLSHVGXSURFHVVXVG¶LPDJHULHGX7(0

/RUVTXHOHIDLVFHDXG¶pOHFWURQVLQWHUDJLWDYHFO¶pFKDQWLOORQGLIIpUHQWVSKpQRPqQHVSK\VLTXHV
SHXYHQWVHSURGXLUHPHQDQWjGLIIpUHQWVVLJQDX[UpFXSpUDEOHVSDUO¶XWLOLVDWHXU&KDTXHVLJQDO
SRUWHXQHLQIRUPDWLRQSURSUHVWUXFWXUDOHFKLPLTXHPDJQpWLTXHHWF«

I.9.Spectroscopie photoélectronique X 

/DVSHFWURVFRSLHSKRWRpOHFWURQLTXH;;36SHUPHWG
REWHQLUODFRPSRVLWLRQFKLPLTXHG
XQH
VXUIDFHG
XQ PDWpULDXVXUXQHSURIRQGHXUYDULDQWGHQPjQP7RXV OHVpOpPHQWV VDXI
O¶K\GURJqQHHWO
KpOLXPVRQWGpWHFWDEOHV/DQDWXUHGHVOLDLVRQVFKLPLTXHVHWOHVSRXUFHQWDJHV
DWRPLTXHVVRQWREWHQXVSDUWUDLWHPHQWGHVGRQQpHVDLQVLTXHOHVpWDWVG¶R[\GDWLRQGHFKDTXH
pOpPHQW&HWWHWHFKQLTXHG¶DQDO\VHHVWQRQGHVWUXFWLYH
/¶LQWHUDFWLRQ GH SKRWRQV G¶XQH VRXUFH ; DYHF OD PDWLqUH UHQG LQVWDEOHV OHV DWRPHV TXL OD
FRPSRVHQW &HW DSSRUW G¶pQHUJLH SRXU SHX TX¶LO VRLW VXIILVDQW SHUPHW DX[ pOHFWURQV TXL
$QQH[HV
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JUDYLWHQWDXWRXUGXQR\DXGHURPSUHO¶DWWUDFWLRQTXLOHVPDLQWLHQWVXUOHXUVRUELWDOHV,OVTXLWWHQW
DORUV O¶DWRPH DYHF XQH pQHUJLH FLQpWLTXH (F 3URSXOVpV GDQV OD PDWLqUH LOV SDUFRXUHQW XQH
GLVWDQFHTXLHVWIRQFWLRQGHFHWWHpQHUJLHHWGXPDWpULDXGDQVOHTXHOLOVpYROXHQW6LOHXUpQHUJLH
HVWVXIILVDQWHFHUWDLQVpOHFWURQVDWWHLJQHQWODVXUIDFHVRQWH[WUDLWVGXPDWpULDXHWSDVVHQWGDQV
OHYLGH/HVpOHFWURQVpPLVVRQWFROOHFWpVHWFRPSWpVHQIRQFWLRQGHOHXUVpQHUJLHVFLQpWLTXHV
/DUHODWLRQ(O KȞ(FSHUPHWGHGpWHUPLQHUO¶pQHUJLHGHOLDLVRQ(OGHVpOHFWURQVHWG¶LGHQWLILHU
OHVDWRPHVGRQWLOVSURYLHQQHQW)LJXUH 

)LJXUH%LODQpQHUJpWLTXHSRXUO¶;36

/HVDQDO\VHV;36VRQWHIIHFWXpHVDYHFXQ$[LVGH.UDWRV$QDO\WLFDOpTXLSpG¶XQHDQRGH
HQ DOXPLQLXP $O .Į  H9 /HV PHVXUHV VRQW IDLWHV j WHPSpUDWXUH DPELDQWH HW OD
SUHVVLRQGHIRQFWLRQQHPHQWHVWLQIpULHXUHj7RUU/HVGLIIpUHQWHVpQHUJLHVGHOLDLVRQVRQW
UpIpUHQFpHVSDUUDSSRUWjFHOOHGXFDUERQHVH9/HWUDLWHPHQWGHVVSHFWUHVHVWHIIHFWXp
DYHF OH ORJLFLHO &DVD;36 YHUVLRQ  /HV FRQFHQWUDWLRQV DWRPLTXHV UHODWLYHV VRQW
GpWHUPLQpHVjSDUWLUGHO¶DLUHGHVSLFVHQFRQVLGpUDQWOHGpS{WFRPPHXQILOPKRPRJqQHHW
G¶XQIDFWHXUGHVHQVLELOLWpVHORQO¶pTXDWLRQFLGHVVRXVR$LHVWO¶DLUHGXSLFGHO¶pOpPHQWLHW
VLOHIDFWHXUGHVHQVLELOLWpGHFHWpOpPHQW
ܽݐǤ  ? ൌ ቀ஺೔௦೔ ቁ ?ቀ஺೔௦೔ ቁ
 
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II. Caractérisations physico-chimiques des POMs étudiés 
II.1. Famille Dawson phosphotungstates 
II.1.1. Propriétés électrochimiques 
7DEOHDX3RWHQWLHOVGHVSLFVGHUpGXFWLRQ(SFG¶R[\GDWLRQ(SDHWSRWHQWLHOVDSSDUHQW(¶
SRXUWRXVOHVSURFHVVXVUHGR[GHĮ>3:0R9,2@GDQV01D62+62GHS+j
Į>3:0R9,2@

9YV6&( S+      0R:
(SF     
0R(SD     
(¶     
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II.1.3. Spectroscopie UV-visible 
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II.3.2. Etude cinétique de la réaction photochimique 
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II.3.3. Synthèses de nanoparticules de palladium par irradiation 
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Résumé / Abstract 
6\QWKqVH HW FDUDFWpULVDWLRQ GH QDQRSDUWLFXOHV PpWDOOLTXHV K\EULGHV j EDVH GH
SRO\R[RPpWDOODWHVDSSOLFDWLRQjO¶pOHFWURFDWDO\VH
/HVSRO\R[RPpWDOODWHV320VVRQWDXMRXUG¶KXLUHFRQQXVSRXUOHXUVGLYHUVHVDUFKLWHFWXUHVHW
DSSOLFDWLRQV 1RXV QRXV HQ VRPPHV LFL VHUYLV DILQ GH V\QWKpWLVHU GHV QDQRSDUWLFXOHV GH
SDOODGLXPSXLVTXH OH320YD MRXHUj OD IRLV OHU{OHGHUpGXFWHXUGXFDWLRQPpWDOOLTXHPDLV
DXVVLGHVXUIDFWDQWGHVQDQRSDUWLFXOHV
$SUqVDYRLUIDLWGDQVXQSUHPLHUWHPSVO¶pWXGHpOHFWURFKLPLTXHG¶XQHVpULHGH320VLVVXVGH
OD PrPH IDPLOOH GHX[ G¶HQWUHHX[ RQW pWp XWLOLVpV SRXU OD V\QWKqVH GH QDQRSDUWLFXOHV GH
SDOODGLXP '¶XQH WDLOOH PR\HQQH FRPSULVH HQWUH  HW  QP FHV QDQRSDUWLFXOHV RQW pWp
HQWLqUHPHQWFDUDFWpULVpHVHWVHVRQWDYpUpHVVWDEOHVXQLQWHUYDOOHGHWHPSVG¶DXPRLQVXQPRLV
(QILQGLYHUVPDWpULDX[K\EULGHVjEDVHGHSDOODGLXPHWRXGHFXLYUHRQWpWpFDUDFWpULVpVSDU
pOHFWURFKLPLHjO¶pWDWVROLGHHWOHXUSRXYRLUFDWDO\WLTXHYLVjYLVGHODUpGXFWLRQGHVLRQVQLWUDWH
HWGHO¶R[\JqQHDpWppYDOXp
0RWVFOpVSRO\R[RPpWDOODWHpOHFWURFKLPLHQDQRSDUWLFXOHVSDOODGLXPSKRWRFKLPLHpOHFWUR
FDWDO\VHLRQVQLWUDWHPDWpULDX[K\EULGHV
6\QWKHVLV DQG FKDUDFWHUL]DWLRQ RI K\EULG PHWDOOLF QDQRSDUWLFOHV EDVHG RQ
SRO\R[RPHWDODWHVDSSOLFDWLRQWRHOHFWURFDWDO\VLV
3RO\R[RPHWDODWHV 320VDUHNQRZQIRUWKHLUKLJKGLYHUVLILFDWLRQ LQ WHUPVRIDUFKLWHFWXUHV
DQGDSSOLFDWLRQV320VDUHXVHGLQWKLVZRUNIRUWKHV\QWKHVLVRISDOODGLXPQDQRSDUWLFOHVVLQFH
WKH\DFWERWKDVDUHGXFHURIPHWDOOLFFDWLRQDQGDVVXUIDFWDQWRIQDQRSDUWLFOHV
$W ILUVW ZH VWXGLHG WKH HOHFWURFKHPLFDO SURSHUWLHV RI VHYHUDO 320V EHORQJLQJ LQ WKH VDPH
IDPLO\WKHQDPRQJWKLVIDPLO\ZHFKRVHWRXVHWZRSDUWLFXODU320VWRV\QWKHVL]HSDOODGLXP
QDQRSDUWLFOHV)URPDQDYHUDJHVL]HEHWZHHQDQGQPWKHVHQDQRSDUWLFOHVKDYHEHHQIXOO\
FKDUDFWHUL]HGDQGDUHVWDEOHRYHUDPRQWK
)LQDOO\YDULRXVK\EULGPDWHULDOVEDVHGRQSDOODGLXPDQGRUFRSSHUKDYHEHHQFKDUDFWHUL]HGE\
HOHFWURFKHPLVWU\LQVROLGVWDWHDQGWKHLUFDWDO\WLFFDSDFLW\WRZDUGVWKHUHGXFWLRQRIQLWUDWHLRQV
DQGGLR[\JHQHKDVEHHQDVVHVVHG
.H\ZRUGV SRO\R[RPHWDODWHV HOHFWURFKHPLVWU\ QDQRSDUWLFOHV SDOODGLXP SKRWRFKHPLVWU\
HOHFWURFDWDO\VLVQLWUDWHLRQVE\EULGVPDWHULDOV
